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specif ic  enthalpy of raturated l iquid 

2 

- 
lb f  sec? 

specif ic  enthalpy of saturated vapor 

(hv-hL)*fg * l a t en t  heat enthalpy change 

= 
hc 

kL = 

kv = 

H -  
0 

k =  

L =  

P -  

surface convection coefficient 

t o t a l  ehergy removed per foot  of tube 

thermal conductivity of l iquid 

isentropic exponent for  vapor 

thermal conductivity of vapor 

tube length 

abaolute stream pressure (STATIC) 

V 



= absolute stream pressure a t  entrance t o  tube Pe 
po = absolute stagnation pressure 

t = exponent i n  empirical expression for sound speed in saturated vapor 

dynamic viecoeity of saturated liquid P L  
p v  = dynamic viscosity saturated vapor 

pL = density of liquid (either aB88 density or  weight density a8 required) 

pv 

8 = thiCkne88 of annular liquid layer 

= density of saturated vapor (either ~ l c ~ s s  density or weight density as required) 

r L  = unit shear stress between liquid and tube wal l .  - unit shear s t ress  between vapor and liquid a t  liquid vapor interface 

VL = local mean velocity of liquid along tube 

V i L  = local interfacial  liquid velocity 

Vv = local mean velocity of vapor along tube 

Vi = local interfacial  vapor velocity 

V = mean vapor velocity at entrance t o  tube 

w 

WL 

ve 
= combined weight ra te  of flow of vapor plus liquid 

= weight ra te  of flow of liquid 

wv = weight ra te  of f l a w  of vapor 

Non Mmensional Variables 

= euperficial f r ic t ion factor (called superficial because 

the unit  tube w a l l  shear stress T L  

vapor kinetic energy instead of the liquid kinetic energy) 

9 'L 
fw - -gc 

is related t o  the 

= interfacial  vapor f r ic t ion factor i n  annular two phase flow - T V  
2- f, = 
pvvv /2g, 

a = V  = non-dimensional local liquid velocity. 
d V V e  

= non-dimensional local vapor velocity. 
e 

P = vv/vv 

vi 



8- wvIw = non-dimensional local vapor flow rate 

= non-dimensional local liquid flow rate 
wL/w 1-8- 

9- p/pe = non-dimensional local stream pressure 

x.= L/D = non-dimensional tube length 

=non-dimenaional latent heat at entrance A = dhfge 
-2 - e 
'Ve 

h =  x,/+ =local non-dimensional latent heat 

c =  h = non-dimenoional constant 
Ve 

= non-dimensional constant 
Le 

9 -  h 

U =  = non-dhensional constant 

H =[:c;;;/ = non-dimensional heat transfer rate 

M Vv / C loca l  Mach number of the vapor 

4 P / = non-dimensional constant =/*& - Ve 
l/k-1 

dimensionless variable 

= non-dimensional vapor shear streos parameter 
e 

= non-dimensional liquid shear stress at the tube w a l l  
e 
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HEAT TRANSFER STUDIES OF VAPOR CONDENSING AT HIGH VEXOCITIES 

I N  SMALL STRAIGHT TUBES 

by W. E. Hilding and C. H. Coogan, Jr. 

Department of Mechanical Engineering, University of Connecticut 

SUHHARP p39@ 
In t h i s  report, a set of simultaneous d i f fe ren t ia l  equations of ange i s  

derived for the  concurrent, annular, two-phase, one-dimensional, steady flow 

of a pure condensing vapor and its l iquid in a s t ra ight ,  cyl indrical  tube with 

heat t ransfer  through the  tube w a l l .  Equations of momentum, continuity, and 

energy, are combined with empirical re la t ions far the  physical properties of 

the  l iquid and vapor and wi th  equations f o r  interface velocity pressure and 

l iqu id  layer  thickness; thus, reducingthe system t o  a set of simultaneous, 

non-linear, first order, d i f f e ren t i a l  equations involving only four de- 

rivatives.  

Star t ing with the known entrance flow conditions, t h e  equations were 

solved numerically using variable incremental s teps  over the  required con- 

densing length. Flow properties f o r  several cases were determined at  each 

incremental point along the tube and were compared with experimental data f o r  

steam condensing in long, small diameter tubes. The data include loca l  values 

INTRODUCTION 

For t he  e f fec t ive  design of high performance condensing tube type heat 

exchangers f o r  Rankine power cycle systems, a thorough knowledge of the  



mechanics of heat t ransfer  and f lu id  flow of vapor and l iquid during condensa- 

t i on  i n  small tubes i s  desirable. 

volume of analytical and experimental research on the  mechanics of two-phase 

flow systems has been reported i n  t he  technical  literature. 

During t h e  past two decades, an increasing 

Investigation of 

two-phase flow systems has taken several different  directions. 

nying chart (Fig. 1) is  an attempt t o  c lass i fy  some of t h e  areas i n  which 

The accompa- 

research i n  two-phase flow mechanics has or might be done. Introduction of 

t h e  chart is intended only t o  show the relat ionship of the work presented i n  

t h i s  paper t o  the whole spectrum of two-phase flow research. 

completeness o r  or iginal i ty  of t he  chart is implied. 

No claim of 

Obviously work done i n  

any one area msy be quite similar t o  research done i n  another. 

Pioneering experimental work i n  two-component, two-phase flow systems was 

1 done by Lockhart and Martinelli (9) i n  developing empirical correlations for  

pressure losses i n  isothermal, two-phase, two-component f l o w  i n  pipes. 

Additional experimental work has  been done by a number of investigators work- 

ing with  steam-water, air-water, and/or a i r -o i l  mixtures. 

References covering some of t h i s  work include Carpenter (l), Bergelin 

Gazley (25), Martinelli and Nelson (261, and Boelter and Kepner (27). 

Perhaps the  chief contributions t o  the theoret ical  analysis of two-phase 

flow systems have been made by Levy (lo), ( l l ) ,  and (12). The most recent 

paper by Levy (10) is an analyt ical  treatment of the two-phase system as a 

continuous medium with the  l iquid component thoroughly dispersed as small 

droplets o r  mist throughout t h e  vapor component. In an earlier paper (12) 

Levy assumed an annular model similar t o  Fig. 2, where the  l iquid occupies the  

outer ring and the  vapor flows i n  the  cyl indrical  core. Other investigators, 

Numbers i n  parentheses designate references listed i n  the Bibliography. 
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including Carpenter (1) and Fauske (151, have assumed the  annular flow model 

i n  t h e i r  analysis of two-phase flow mechanics. 

The experimental investigations of Fauske (15) included measurements of 

adiabatic c r i t i c a l  mass flow ra tes  of steam and water from small diameter tubes 

at various supply or  header pressures and including t o t a l  vapor qual i t ies  from 

1 t o  96%. 

t o t a l  mass flow based on t h e  annular flow model similar t o  Fig. 2, but assuming 

f r ic t ion less  flow. 

predicted values for  c r i t i c a l  t o t a l  flow with experimental measurements of his  

own and those of several other investigators. 

calculated the  c r i t i c a l  t o t a l  flow assuming a homogeneous mist flow system. 

agreement between the analytical values and experimental data for the annular 

flow d e l  is excellent f o r  a l l  qual i t ies  from 1 t o  96%. 

mass flow ra tes  calculated assuming the  homogeneous model predict total  mass 

flow rates as small as one quarter of the experimsntally measured rate at a 

t o t a l  quality of 1%. 

Fauske (15) derives analytical  expressions for predicting t h e  c r i t i c a l  

In  a graphical presentation, Fauske compares the analytically 

In addition, he has analytically 

The 

Contrariwise, c r i t i c a l  

The experimental and basic theoretical  researches upon which is based the 

analysis of t h i s  paper, were carried out, beginning i n  1952 under a subcontract 

wi th  the United States A i r  Force supervised by t h e  CAMEL Project of the Pratt & 

Whitney Aircraft Division of United Aircraft Corporation. The resu l t s  of these 

investigations are sunrmariaed i n  References 5 and 6. Based on these results and 

those mentioned previously, the annular f low model was chosen for t he  analytical  

work of t h i s  paper became it appears t o  conform more closely t o  t h e  actual 

physical condition8 in condensation of pure vapors at high velocit ies in small 

tubes. It is  recognizea dm,, even with an essenGially annular flow system, a 

portion of the liquid present may be dispersed as f ine  droplets or mist in the 

vapor cone. 

3 



I n  t h i s  paper, the  annular flow model has been used t o  develop a system 

of d i f f e ren t i a l  equations which may be solved numerically i n  incremental s teps  

over the condensing length i n  small tubes. 

stream s t a t i c  pressure, vapor density and t o t a l  qual i ty  a re  thereby determined 

a t  each axial location along the  length of t h e  condensing tube. 

The vapor and l i qu id  ve loc i t ies ,  

METHOD OF ANALYSIS 

The experimental evidence gathered i n  e a r l i e r  investigations,  e.g. , ( 5 )  (6), 

both qual i ta t ive and quant i ta t ive including visual  observations, indicate  t h a t  

t h e  major f ract ion of the liquid phase i n  condensing flow usually flows as an 

annular r ing  of  pure l iqu id  along the tube wall par t icu lar ly  i f  t h e  vapor 

ve loc i t ies  are i n  excess of one or  two hundred feet per second. 

the  flow conditions, a smaller f rac t ion  of the  l iqu id  may be dispersed as mist 

or  droplets i n  the vapor core. The so-called annular flow model (Fig. 2) used 

by Levy (12), Fauske (IS),  Carpenter ( l ) ,  and other investigators i n  %slyzing 

the  mechanics of two-phase flow systems appears t o  correspond most c losely t o  

t h e  experimental evidence encountered i n  t h e  present work. 

Depending on 

In the  analysis presented herein, t he  annular flow model has been used t o  

develop a system of d i f f e ren t i a l  equations which may be solved numerically i n  

incremental steps over t h e  condensing length i n  small tubes. 

l i qu id  veloci t ies ,  stream s t a t i c  pressure, vapor density and t o t a l  qual i ty  are 

thereby detewined at each axial locat ion along t h e  length of t h e  condensing 

ZIUU-. F d l w h g  is  a summary of the step taker, ir! developing the system of 

d i f f e ren t i a l  equations . 

The vapor and 

*--L - 

Different ia l  control volumes were drawn f o r  t h e  annular l iqu id  layer and 

f o r  t he  vapor cone at  a cross section of t h e  condenser tube (see Figs. 3, 4, 

4 



and 5 ) .  

written f o r  t he  vapor cone and for  the annular l iqu id  layer (Appendixes B, C, 

and D). 

of saturated vapor, (b) the enthalpy of saturated vapor, (c )  t h e  enthalpy of 

saturated l iquid,  and (d) t he  la ten t  heat of condensation. 

la t ions  referred t o  are simple power functions of t h e  saturated stream pressure 

P of the  condensing vapor. 

par t icular  constants, 

of the  empirical equations referred t o  above f o r  saturated steam and for saturated 

potassium vapor. 

(within about ?1 per cent of the tabulated values) may be obtained by using 

appropriate values of the  exponents given i n  Figs, 6 through 13 f o r  t he  range 

of pressures t o  be encountered i n  a particular condenser tube. 

Different ia l  equations f o r  momentum, energy, and flow continuity were 

I n  addition, empirical equations were established for :  (a)  t h e  density 

The empirical re- 

That is, hV = CIPa where C1 and ‘a’ are 

See Appendix A and Fig. 6 through 13 f o r  the development 

Satisfactory accuracy of representation of these properties 

Experimental investigation (6) of the variation i n  both stagnation and 

stream s t a t i c  pressure across t h e  tube diameter (Fig. I&) showed t h a t  i n  the  

direction normal t o  t h e  flow a x i s  no discontinuity i n  veloci ty  pressure occurs 

at the  essent ia l ly  cylindric, wavy interface between the  annular l i qu id  layer 

and the vapor cone. 

the  velocity pressure of t h e  l iquid t o  the  velocity pressure of the vapor at the 

annular interface between the control volumes fo r  the  l iqu id  and vapor. The de- 

velopment of t he  differential form of the equation of equal velocity pressures 

is given i n  Appendix E. 

pressures has been applied t o  tha t  portion of the condenser tube where both the 

vapor cone and t he  annular l iquid layer  are i n  f u l l s  developed turbulent flow. 

For the  viscous, annular l iqu id  flow near t h e  tube mouth at t h e  beginning 

It is possible, therefore, t o  write an expression equating 

The di f fe ren t ia l  equation of equal in te r fac ia l  velocity 

of vapor condensation, it was necessary t o  write an equation re la t ing  the  viscous 

5 



shearing forces act ing between the developing annular l i qu id  layer  and the  

high velocity cent ra l  vapor cone. 

su l t i ng  d i f fe ren t ia l  form of the  equation i s  presented i n  Appendix F, 

The development o f t h i s  equation and re- 

The several  d i f f e ren t i a l  equations which have been derived i n  t h i s  

analysis a r e  sum~~bari%ed i n  non-dimensional form i n  Table I. 

A precise mathematical model of the  condensing two-phase flow system would 

require tha t  the  presence of t h e  l iqu id  droplets  i n  t h e  vapor core be considered 

i n  the  analyt ical  treatment. The aforementioned paper by Levy (10) using a so- 

cal led mixing length model gives such an analy t ica l  treatment. 

In  t he  Levy analysis,  however, t h e  whole l iqu id  phase i s  assumed t o  be con- 

tinuously dis t r ibuted throughout t h e  vapor phase with l iqu id  concentration being 

greatest  at  t h e  tube w a l l  or so l id  boundary. 

presumed t o  be present i n  t h i s  mixing length treatment. 

No f i n i t e  annular l i q u i d  layer is 

It is  f e l t  t ha t  t h i s  

model describes t h e  physical conditions of two-phase boi l ing flow i n  tubes more 

accurately than condensing flow since i n  boi l ing flow the vapor continuously 

originating at t h e  tube w a l l  would tend t o  prevent t h e  formation of an annular 

l i qu id  layer on the w a l l  thus forcing the  d is t r ibu t ion  of t he  l iquid throughout 

t he  tube cross section. 

annular flow model cannot be combined with the  Levy mixing length model t o  

However, there  does not seem t o  be any reason why t he  

mathematically describe a system which conforms closer  t o  the  ac tua l  physical 

system exis t ing i n  two-phase condensing flow. A combination of t h e  mixing length 

treatment with t h a t  of t h e  annular flow model has not been attempted i n  t h i s  

p p r .  

change f o r  t he  separate phases of t h e  annular m o d e l  w a s  considered a suf f ic ien t  

The task cf solving t h e  shul taneous  system of d i f f e r e n t i a l  equations of 

undertaking. 

features of both the  annular and mixing length models, of fe rs  an in te res t ing  

challenge . 
6 
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Solution of t h e  System of Equations 

By combining equations aqd by substituting the  empirical property functions 

given i n  Appendix A, it is possible t o  reduce the  system of equations t o  a set 

of simultaneous f i rs t -order ,  non-linear different ia l  equations involving only 

four derivatives. 

then: 1) t h e  loca l  stream s t a t i c  pressure P; 2) the loca l  mass average vapor 

velocity Vv; 3) the loca l  mass average liquid velocity VL; 4 ) t h e  local 

t o t a l  vapor quali ty 8. 

The four fundamental, dimensional, dependent variables are 

The single independent variable is the axial distance 

along the  tube in diameters, 

An analytical  solution giving loca l  values of t he  four dependent variables 

requires a s y s t e m  of four independent different ia l  equations which satisfactor- 

i l y  represen.t the physical flow s y s t e m  at t h a t  location. A t  t h e  entrance t o  a 

condenser tube the flow regime may begin wi th  laminar vapor flow accompanied by 

a developing annular laminar l iquid layer. For the  region of in te res t  of t h i s  

investigation, the vapor flow ei ther  tegins or changes t o  a f u l l y  developed 

turbulent flow systemin a very short e a 1  distance. With dry saturated vapor 

a t  the entrance t o  t h e  condenser tube, an annular l iquid layer begins t o  develop 

i n  l&nar flow near the  tube mouth. 

layer continues u n t i l  the  liquid thickness i s  such t h a t  t h e  outer surface becomes 

The development of the annular l iquid 

unstable and a cylindrical  W a V Y  interface between the l iquid and vapor begins 

t o  firm. The flow regime downstream of t h i s  point consists of a turbulent vapor 

core surrounded by a turbulent annular l iquid layer. 

liquid layer will exist for  only a very short distance (1 t o  5 diameters or less) 

near the mouth of t h e  tube. 

Normally the  lzminar 

The distance depends prFmarily on the heat t ransfer  

rate per unit  length (see Equation 25F , Appendix F). The non-dimensional 

boundary layer thickness parameter Y+ = fJip"" - has been used t o  determine the v 



point of t ransi t ion from laminar t o  turbulent flow i n  t h e  l iquid layer. 
+ 5 s  Y I 11 

A value 

appears t o  give a sat isfactory indication of t h i s  t rans i t ion  point. 

Near the  tube mouth, the four d i f fe ren t ia l  equations of 1 )  combined con- 

t inui ty ,  2) vapor momentum, 3) energy change, and 4) viscous boundary layer 

have been solved t o  determine the  flow properties. 

t o  turbulent flow of the Liquid, the equation of equal i n t e r f ac i a l  velocity 

pressures replaces the boundary layer equation i n  the  stepwise integration process 

discussed below, 

After t h e  point of t rans i t ion  

Mathematical solution of the  set of non-linear equations appears t o  be 

possible or pract ical  only by numerical o r  analogical methods. For the  purposes 

of numericdl solution it is useful t o  normalize the  fundamental variables and t o  

express the variable coefficients in non-dimensional form (see Nomenclature 

and/or Table 11). 

a reference s ta te ,  the fundamental variables were converted t o  the non-dimensional 

fom, with the axial tube length represented i n  terms of tube diameters, i.e., 

ax id  distance X = - (diameters). 

By introducing t h e  particular conditions i n  t h e  tube muth a8 

L 
D 

Starting with the particular values of t h e  four normalized fundamental 

variables in the tube mouth, the  s e t  of d i f f e ren t i a l  equations was solved t o  

determine the loca l  values of t h e  four derivatives a t  tha t  point i n  The 

derivatives so determined were then applied over a small increment i n  X 

diameters) t o  determine new values of the four dependent variables a t  the end of 

the increment. Proceeding forward i n  t h e  X direction the above process was 

continued u n t i l  the  t o t a l  qual i ty  (9) became zero, i.e., the vapor i s  completely 

condensed 

X. 

( A x  

Because of the  tremendous amount of labor involved i n  an incremental in- 

tegration of t h i s  kind with inherent poss ib i l i t i es  of error  accumulation, the 

a 



stepwise integrat ion process was programed for  machine computation on an 

1.B.X. 1620 digital computer, 

piled by t h i s  syste:n of machine computation, 

puter solution t o  this system of equztions can be made available t o  other in- 

vest igators  , 

All the analyt ical  data  presented has been com- 

The Fortran program f o r  the con- 

Successful. analyt ical  integration over the length of a proposed condenser 

tube requires considerable awdliary information. 

pressure, vapor velocity and vapor qual i ty  must be known. 

heat transfer rate must be known or determined at each point. 

steam side heat transfer surface coefficients f o r  condensing steam are so high 

t h a t  external heat transfer resistances will control  the  heat t ransfer  rate in 

most cases. Therefore, the variation of the vapor side surface coefficient of 

heat transfer plays a minor role  i n  the determination of the flow characteris- 

t i c s  of t h e  condensing system, 

t i o n  of the  location of the  point of t rans i t ion  from the laminar or  viscous 

annular l iqu id  layer t o  the turbulent flow of t h e  same layer. As indicated 

previously, this point of t rans i t ion  seems best t o  be determined at  the point 

where the  non-dimensional l i q e d  layer thickness 5 5  Y 11. The vapor- 

liquid veloci ty  s u p  r a t i o  ( K )  i s  mother paraiaeter which appears t o  be a 

useful indicator of t h e  location of t he  t rans i t ion  point. 

de t a i l s  on the location of the point of t rans i t ion  from t h e  laminar t o  turbulent 

l iquid layers.) 

Fi r s t ,  t h e  entering stream 

Secondly, t he  l o c a l  

Fortunately, the 

The t h i r d  important fac tor  i s  the determina- 

+ 

(See Appendix F for  

The input data which seems t o  be most c r i t i c a l  i n  t he  analyt ical  integra- 

t i o n  process is the value of t h e  local i n t e r f ac i a l  vapor f r i c t i o n  factor.  

Sl ight  deviations of input data on vapor f r ic t ion  fac tors  from observed values 

have a strong cumulative effect  on the calculated downstream f l o w  character is t ics  

0 9 



as can be observed i n  Figs. 1.5 through 18, which show analyt ical  solutions f o r  

ident ica l  input data except f o r  values of the i n t e r f a c i a l  vapor f r i c t i o n  factor .  

The d i f f i cu l ty  encountered i n  carrjdng the ana ly t ica l  integrat: ion from 

subsonic t o  cupersonic vapor vel.ocities through Mach 1 is an extreme example of 

t h e  effect of small variations i n  the input value of the  i n t e r f a c i a l  f r i c t i o n  

factor ,  

f r i c t i o n  factor  (fv) t o  an a,ccuracy of three s ignif icant  f igures  i n  order t o  in- 

tegrate  successfully up through and down through the Mach one (M = 1 )  point on 

t h e  vapor velocity curve (Fig. 19). 

the precise figure required,resulted in extremely large derivatives which could 

not be successfully integrated by the computer. 

velocity derivatives and pressure derivstives at  Mach one are t o  be expected. 

However, it is interest ing t o  note t h a t  t he  par t icular  values of the  i n t e r f a c i a l  

vapor f r ic t ion  factors necessary t o  ana ly t ica l ly  integrate  through Nach one were 

i n  very close agreement wi th  t h e  values of t he  same quantity calculated from the  

experimental data  (Fig. 21). 

For Test No, 71052, it was necessary t o  express t h e  i n t e r f a c i a l  vapor 

Any f r i c t i o n  fac tor  greater or less than 

The large values of the  vapor 

No completely sat isfactory correlations f o r  t h e  l oca l  i n t e r f ac i a l  vapor 

f r i c t ion  fac tor  were found f o r  the  experimental data recorded d u r i n g t h i s  in- 

vestigation for  condensing stealr! vapor. 

deterniaation and correlation of interfacia.. vapor f r i c t i o n  f ac to r s  as well as 

tube wall fricti .on factors for cocdensing high veloci ty  vapors is  presented i n  

Appendix I and in a separate note i n  Par t  11. 

h~kive; .~ (see  ~ i g s ,  19 throtigh 23) +L..+ \,l*Qb LL-  Irl lG sol.titfon of t h e  syste=: cf Cuffer= 

e n t i a  equations described above will  give close agreement with e q e r h n t s l  

data if the precise in te r fac ia l  vapor f r i c t ion  fac tor  fo r  t h e  exis t ing loca l  

flow conditions i s  fed i n to  t h e  stepwise integration process. 

10 

A discussion of t h e  problem of t h e  

It has been demonstrated, 



E m i r i c a l  Expressions for the Phgcjical homrties of 

Saturated 'C'auor and of Saturated Lfouid 

For the  two-phase system with condensing pure y~rpors, it was assuned t h a t  

the  two phases -present are continuously i n  equil-ibrim a t  the saturation state 

of the  respective phase. 

tube tFds assumption might not he %me, 

vapor may expand w e l l  into the saturated region before condensation begins at 

the so-callad Wilson nline.a In t h e  normal con6enser tube this condition may 

or m y  not exist near t he  entrance t o  the  tube. 

suapersatu;t.ation would const i tute  a neg2igibIy ehopt section of the  condenser 

tube and examination of this very bc;i2 phenoaena was not considesec! necessary 

hi this invsatlgation. 

droplets as fog OF miat in the vapor insures a continuous near equilibrium 

state for the  s a t l i s t e d  vapm a d  for any smafl l iquid par t ic les  suspended 

therein. 

temperatme gradient, in the direction noma1 t o  the.tube surface. 

of subcoolin2 in the l iqu ic t  lay51 w i l l  depend. ori the thickness of the  layer, the  

rate of heat transfer, arc! the degree of turbulence i n  the lapr.  

physical properties of the l iquid &sa not sharply affected by small variations 

in pressure or temperature, the affect of subcooling on the physical. properties 

i n  t h e  liquid layer has Seen neglected. 

For a rapid13 exqmding vapor in the  entrance of a 

It is w e l l  known t h a t  a dry saturated 

In  any case, the region of such 

Aftsr camlensation has begun, the  presence of liquid 

For the l i q u i d  layer on the h s i d e  tube surface there  is a necessary 

The degree 

Since the 

Simple empirical functions may be used t o  represent the physical and 

thermodynamic properties of the  pure saturated vapor and l i q u i d  over iocderate 

pressure ranges. The various properties have been. expressed as simple power 

11 



functions of t he  saturation pressure ir! each case. The value of t h e  saturated 

pressure exponent for  a par t icu lar  property i s  not necessarily constant over a 

large range of presmres. 

through 8 f o r  H20 and Figs. 9 through 13 f o r  potassium indicate  t h a t  the  range 

of values encountered i n  any normal condenser tube is small enough so t h a t  no 

significant e r ror  w i l l  be encountered by use of a mean value of the empirical 

exponent f o r  the  par t icular  range of preasures involved. 

functions are listed below. 

(1) 

Examination of such exponents plot ted i n  Figs. 6 

The necessary property 

Specific EnthalDV of Saturated Liauid 

Assuming the  empirical function 

a 5 = clp 

therefore, 

or  

?L = 

introducing the  non-dimensional constant 

then 

lli 

3A 

(2) Specific Enthalm of Saturated Vamr 

Assuming the  empirical function 

12 



b hr = C2P 

therefore, 

introducing the nnn-dias6naid constant 

then 

(3) Latent Heat of Evamration of Saturated Liauid 

Assuming the empMcsl function 

hv - 4. = hig = C3 /Pc 

therefore, 

or 

introducing the non-dimensional constant 

6A 

7h 

1OA 

UA 

13A 

UCA 

13 



then 

1 5 A  

(4) Density of Saturated Vapor 

Assuming the empiricaL function 

= c PJ P I  r, 
theref ore 

or 

P v  = P v e  dj  

introducing the non-dimensional constant 

== P v e / p L  

1bA 

17A 

1 8 A  

19A 

Whore p L  

of temperatures normally encountcrod in a condenser tube, therefore 

the density of liquid is very nearly constant in  the range 

( 5 )  Viscosity of Saturated VaDor 

Assuming the empirical function 

a 
Pv - Cgr 

therefore, 

20A 

--- 71 h 

14 



or 

(6) Viscosity of Saturated Liquid 

Assuming the empirical function 

therefore, 

or 

268 
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APPENDIX B 

The Different ia l  Eauations for  Continuity of Two-Phase Steady Flow , 
In  a Strainht  Tube 

Assumptions: (See Fig. 3.) 

( a )  Flow is  steady and one-dimensional i n  each phase. 

(b) Pressure i s  constant across the  tube a t  any point, i.e., at mjr radius. 

Applying t h e  continuity equation first t o  the  liqu5d phase and then t o  t h e  

vapor phase a t  any point leads t o  

Different ia t ing IB and 29 logarithmically, dividing by the  d i f f e r e n t i a l  

length dL and assuming the  l iqu id  densi ty  c o n s t a t ,  the  equations become: 

L L L 

and 

The continuity equation applied t o  t h e  length dL, requires t h a t  

w = w, + w, = WL + WL + PIv + dwv 
4d 

thoref or0 

dWL - dWv 

2B 

3J3 

kB 

5B 

6B 

16 



and similarly fo r  the tube of constant cross-sectional area 

theref ore, 

&ALP-% 
combining Equations 6B , 7l3 and 8B i n to  3B we obtain 

Rearrangement of J 8  results in the  form 

1 dpv 1 dVv 1 dWv 1 dAv - - + -  - + -  -¶Do 
PV dL v v d t - -  wv A d L  v 

7B 

8B 

9B 

1OB 

Adding Equations 9B and 1OB leads t o  the  continuity equation in 

di f fe ren t ia l  form fo r  combined l iquid and vapor f l o w  

I n  order t o  write the  combined continuity equation in non-dimensional form, 

the  following substi tutions are now made in Equation llB 

X = L/D (Local tube length t o  diameter r a t io )  m 

therefore, 

dL = DdX 

But, from Appendix A 

differentiating l4.B logarithmically leads t o  



Introducing a uonaimensional variable f o r  the average velocity i n  the 

annular liquid layer 

therefore, 

dVL /VL - do /a 

Introducing a non-dimensional variable for the average vapor velocity i n  

the vapor cone 

B 'v five 

therefore, 

Introducing the expression for  the local  t o t a l  vapor quality 

therefore, 

dW de 
V 

W e -  e 
V 

From Equations lB and 2B 

Now substituting the non-dimensional Equations 17A , 1 Y A  , 16B , 18B 

and 20B leads t o  the r a t io  

also 

18 

16s 

18B 

19B 

2OB 

22B 



and therefore, 

Equation IlB 

of the four dependent variables 

can then be written in non-dimensional form as a function 

, 8, and jd asfollous: a 18 

Equation 26B 

equation in annular two-phase f l o w  with mass interchange between phases. 

is  then the normalized general fom f o r  the combined continuity 
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APPENDIX C 

'he Differential  EQuations of Momentum fo r  Two-Phase Steads Flow 

In a Straight Tube Without Gravity Forces 

Vapor Phase Analysis 

Summation of forces acting i n  the axial flow direction for  the vapor cone: 

(Gravity forces neglected, other assumptions same as in Appendix B, see Fig. 4.) 

Positive Forces Negative Forces 

1. PAv 1. (P + dP) (Av - dA,> 
v v  2. - g 

dwL 3. v - 
i t 3  

1c 

% 
5. T ,  W ( D V  

-I 

Now summing up the positive and negative forces, eliminating d i f fe ren t ia l s  

of higher order and dividing throughout by dL leads t o  the d i f fe ren t ia l  

equation for  vapor momentum: 

Liquid Phase Analysis 

Stmmtion of forces acting i n  t h e  axial  flow direction for the  annular 

l iquid layer: (See Fig. 5 . )  

Positive Forces Negative Forces 

1. PAL 1. (P *. dP) (5 + 

2c 
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'L'L 2. 2. 'L + #L ( VL + dVL) 
2 

A AJ 
3. t L I D d L  

Again summing up the positive and negative forces, eliminating differ-  

entials of higher order and dividing throughout by dI, results in t h e  follow- 

ing expression: 

*L dvL - + -  vL - - -P  d"'L vidwL 
--+!La g a  g dL gdL 

h t h e  above equation Vi is the  time 

( r , s D v  - f L w  D) 

average axial component of the  

velocity a t  which the  condensing l iquid particles or diffusional vapor molecules 

leave the vapor core and enter the l iquid layer. 

h e r e  between the vapor velocity in the  core center and the  in te r fac ia l  liquid 

velocity. In t h i s  analysis it has been assumed t h a t  this interfacial  velocity 

has a value of the order of magnitude of the time average in te r fac ia l  axial 

l iquid velocity. 

that  the diffusional molecules leaving the  vapcr core and entering the liquid 

layer could only t rave l  a distance of one mean free path since t h e i r  last 

molecular impact in the vapor. 

f ree  path of the  vapor molecules is about 2 x 10 a inches, 

This velocity could be my- 

The chief support for  this assumption is based on t h e  f ac t  

For saturated steam vapor at  2UoF, the mean 

The experimental 

evidence shown i r r  Fig. lLJ3 inciicates t h a t  liquid layer 

t h e  order of 0,020 inches at vapor velocity of several 

Comparing the l iquid wave height t o  the mean free path 

wave anplitudes are of 

hundred fee t  per second. 

of t h e  vapor molecule, 

21 



we f ind t h a t  the vapor molecule would suffer  a t  least 10,ooO molecular impacts 

in traveling through t h i s  in te r fac ia l  region of wave ac t iv i ty  before entering 

the  l iquid layer. Considering these facts ,  it seems reasonable t o  conclude 

tha t  the dif'fixdonal vapor molecule entering the liquid layer does so a t  an 

axial  velocity of the same order of magnitude as the in te r fac ia l  l iquid wave 

velocity. 

For want of more exact 

following relation- ha8 been 

knowledge of the in te r fac ia l  wave velocity, tho 

used: 

vi = 2 VL 5c 

where VL is, of course, the time and area average l iquid layer velocity. A 

more accurate value of the interfacial. velocity 

Since t h e  time average vapor velocity i s  of the order of one hundred times 
Vi remains t o  be determined. 

greater than the similar l iquid velocity the exact value of 

c r i t i c a l  importance in Equation 4C . Vi may not be of 

Now defining an interfacial. vapor f r ic t ion  

factor  

making use of the  relations 

and 

*D2 = 4A = w/pv*vve 

also introducing the non-dimensional constant 

22 
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again introducing t h e  necessary non-dimensional t e r n  of Appendix A, it i s  

possible t o  write Equation 2 C  f o r  vapor momentum in the  form 

where all terms are nonaimensional and are as previously defined. 

Adding Equations 2C and 4C leads t o  

which can then be expreseed in  t h e  non-dimensional form 

This  is the  cmbined differeni;ial equation for momentum change in  non- 

dimensional form where9 = rw /Pe and \3/ is  a non-dimensional wall shear 

stress. The other non-dimensional terma are  as previously defined. 

If a super f ic ia l  wall f r i c t i o n  fac tor  is defined by 

then Equation l 2 C  can be written i n  the form 

Equation l4C is the  same as l 2 C  except t h a t  the  non-dimensional wall shear 

e t r s s s  \y has been replaced by t h e  more common super f ic ia l  wall f r i c t i o n  

fac tor  fw . I 

Either  the vapor momentum equation 1OC or  the combined momentum equation 

may be used as an equation i n  t h e  system of four fundamental equations 

necessary t o  find a solution t o  t h e  values of the  flow properties over the 

23 



condensing length. 

empirical data for the local friction factore fv or fw . To date, no f d l y  

satisfactory correlations have been found for either friction factor for con- 

densing two-phase flow. 

The choice of equations will depend on the available 
I 

24 



APPENDIX D 

The Different ia l  Equation of Energy Transfer fo r  Steads High Speed Annular 

Two-Phase Flow i n  a Straight Tube 

The t o t a l  flaw rate of energy E of the two-phase stream at any posit ion 

L i n  the  flow direct ion may be writ ten (BTU per second). 
c. n 

wVvVL W L V t  
+ wLhL + wvhv E--+- 

243 2g 

This equation can be rewritten in nondimsnsional form by dividing through 

Different ia t ing with respect t o  the  tube length L and introducing 

dE/dL - Ho 
where Ho is t he  energy abstracted per unit length of tube at L, we then 

have the  non-dimensional d i f f e ren t i a l  equation for  energy t ransfer  

lD 

2D 

But from Appendix A 



therefore, 

Also from Appendix A, 

theref ore, 

dx 

and also 

By introducing a non-dimensional expression f o r  t he  rate of heat transfer 

through the tube wall 

5D 

15A 

and substituting these terms i n  Equation 3D , we can write 

This then is  the normalized different ia l  equation for  energy change with 

~ a l  distance in the t o t a l  two-phase flow. 

variable. If such is  the case, an expression H= H (X) must be introduced 

t o  make possible a solution t o  t h e  equation set. 

26 
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APF’ENDIX E 

The Differential  Equation of E ~ a l  Velocity Pressures at the 

Interface of the  Licauid and VaDor Flow ReFjmes 

Experimental investigation of t h e  variation i n  both stagnation and stream 

pressure at  t h e  interface between the l iqu id  and vapor phases indicates t h a t  in 

the  r ad ia l  direction normal t o  the  s t r e a d h e  no discontinuity i n  e i ther  pressure 

occurs as the pressure probe passes f romtho vapor core i n t o  the annular l iquid 

layer. Fig. ll+ shows a plot of t he  radial variation i n  stream and stagnation 

pressure across the  diaueter of a 0.550 I.D. condenser tube masured by a 

hypodermic pressure probe. Evidently an equality of velocity pressures f o r  the 

l iqu id  and for the vapor exists at the annular interface between the  vapor and 

l iqu id  layers. 

For a p i t o t  pressure probe i n  a stream up t o  moderate vapor ve loc i t ies  of 

several hundred feet per second, a form of the Bernoulli equation cau be used 

t o  represent t h e  re la t ion between the stagnation pressure (Po) and stream 

pressure (P) as follows: 

v2 P Po 
-+-r- 

2g P P 
which may be writ ten 

- P p 3 / 2 g  

1E 

2E 

Equation ZE is, therefore, an expression for the velocity pressure f o r  

incompressible flow. For incompressible flow, the r a t i o  



w i l l  be exact. 

velocity pressure of the liquid and of the vapor at the  annular interface m y  

be related with sufficient accuracy by the expression 

Up t o  a vapor velocity of about M = O,3 (Mach number) the 

p L V i L 2 = p  v 2 
v i v  43 

where ViL and Viv are the ti= average in te r fac ia l  l iquid and vapor veloci- 

t ies  respectively. 

Introducing the constants 

where 

the average axial velocit ies VL and Vv. Now scbsti tuting in gives 

CL and Cv are assumed t o  vary h s i g n i f i c m t l y  relat ive t o  changes in 

Assuming the  liquid density t o  be near4 constant and differentiating 

63 logarithmically leado t o  t h e  expression 

2dVL P v 2dVv 
-= -+ -  

t 
V vL B v  

63 

7E 

Again, introducing the non-dimensional expressions of Appendix A for  the above 

variables, I.eads t o  the  form 

Equation 8% i s  the  normalized different id .  equetion relating vapor and 

l iqu id  velocity pressure at t h e  interface between the two-flow regimes for  

low subsonic vapor velocit ies (XS 0,3). 

Equation t3E and its compressible f o m  2tB have been applies in t he  

analysis of the f l o w  characterist ics i n  the region of fully developed vapor 
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and l iqu id  turbulence. For t h e  re@on of t h e  developing laminar, annular 

l iquid layer a t  the beginning of vapor condensation a different  analyticsl 

approach has been followed. For the analysis of the devaloping l e a p  armular 

l iquid layer,  see Appendix F. 
Po - P 
P v2/2g 

For compressible fluids, the r a t i o  w i l l  increase steadily 

from unity as a function of the Mach number. The r a t i o  has been plotted in 

Fig. 26 as a function of the Mach number fo r  saturated steam vapor. The values 

of Fig. 26 were calculated from data taken from the tables  of r"l'herm~dpamic 

Properties of Stem," by Keenan anl Keyes. 

saturated vapor a t  t h e  stream pressure P t o  t he  stagnation pressure Po is 

ass-d in this calculation. 

Isentropic coqress ioa  from 

I n  order t o  r e l a t e  the velocity pressures of a l iqu id  and a compressible 

vapor, it was expected t h a t  it would be necessary t o  represent the curve of 

Fig. 26 by an empirical polynomial function of t h e  vapor Mach number a i d  then 

t o  incorporate this function in to  the d i f fe ren t ia l  equation derived from the 

expression for  equal velocity pressures. It was discovered, howsver, t h a t  an 

expression derived from perfect gas re la t ions would accurately describe the 

actual  r a t i o  for  saturated steam vapor up t o  quite high pressures or dsnsit ieo 

(see Fig. 26). Star t ing from the well-known re lat ion f o r  isentropic ?low of a 

perfect gas, a functional re la t ion has been derived fo r  a compressible vapor. 

For isentropic flow of a perfect gas 

lc-1 2) k/k-1 
Po /P - ( 1  + 2- 

or 
k/k-l 

= P ( l + M $ )  
2 lOE 
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Where k i s  the isentropic exponent and i s  not necessarily constant for a l l  

pressure ranges of the pure vapor. Subtracting P fromboth sides and also 

d iv id ing  by P results in the  equation 

k/k-1 (Po - FyP = [(l + *M k l  2 

For a perfect gas M = - whore the  sonic velocity C = ,&R'I', therefore,  C' 
M2 = $/kgRT. Now dividing both aides of Equation 1 lE  by I? and a100 

subst i tut ing the  perfect gas equation P = p  RT leads t o  t h e  equation 

By use of l 'Hospitalls  rule ,  it i s  eas i ly  shown tha t  when M- 0 Equation 

UE reduces t o  

Po - P 
E l  

f v v  v 2/21z 

which is ident ica l  t o  Equation 33 as is required. Values of the ratio 
P - P  

have been calculated by Equation IZE 0 

p v v  v 2/2t? 

up t o  14 = 2 at a pressure P = 10 psia and a l s o  P = 

agreement is surprisingly close between the  values 

data and by use of the perfect gas baaed Equation 

3 

for saturated s t e m  vapor 

100 psia  (see Fig, 26). 

calculated from sLea~r. tablo 

12E , Evidently Equation I%? 

The 

gives a sat isfactory expre,ssion for t he  veloci ty  pressure of p w e  sat~wzted 

steam vapor up t o  a Mach number of 2 and i). vapor pressure of at  least 1-00 p i a .  

Again ?mking use of the  cxper imnta l ly  observed phenomena of the eq.~CJ-it~g 

of velocity pressures across the  liquid-vapor interface i n  annular two-phase 
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flow (see Fig. U), we may write 

(Po - P) (l iquid phase) = (Po - P) (vapor phase) 

Using 
2 2  - P (liquid) = p CL VL 

and substi tuting Equation 1zE i n  1% , we obtain t h e  expression 

where the constants CL and Cv are defined the  same as before and are assumed 

t o  vary insiguificantly re la t ive  t o  the  time average velocit ies VL and Vv 

over the condensing length. 

Considering the terms g, CL, Cv, and k as constant and differ-  

ent ia t ing l4E logarithmically, we obtain 

dvV -- dVL d P v  
vL PIT 

2-=-+2 

The Mach number M is  defined as 

2dM 
M 
- + 

k 
k(1 + 2 k-1 2)'E - MdM 

-1 
k/k-1 k-1 2 ( l + T K )  

vv M = -  C 16E 

where C i s  the sound speed i n  the vapor. Differentiating 1633 logarithmic- 

ally gives 

dl4 dVv dC 
-c vv 

-3- 

which may also be written 

17E 

vVdvV V:dC Mm=--- 
C2 c3 
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Siibstituting 18E i n  1% leads t o  

19E 

Fig. 25 shows the  var ia t ion of sound speed versus pressure i n  dry satisanted 

steam. This curve can be approximated by t he  function 

C = 1432 P 0.030 20.2 

where C i s  the  sound speed i n  feet  per second and P the  saturat ion pressure 

i n  psia. From a, pressure of 1 psia  t o  a pressure of LOO psia  t h i s  e,upression 

205 has a maximum e r ro r  of about k 4 feet per second or  2 0.25%. In general, 

therefore, 

21E t C = BP 

where B and t are constants, 

Differentiating Equation 2LE logarithmically gives 

dC/C = t - = t p  P 

h.here jd i s  the  normalized pressure as defined i n  Appendix A. 

we may write the  equz.lity vv Mak5ng use of the  def ini t ion M = - C' 

wnereB = *- ana i s  t h e  normalized vapor velocity. "v Ivve 

From 22E , we may also write t he  equality 

V V 2dC/C3 = tN2 9 
32 
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Again drawing on the elnpirical property functions of Appendix A, we have 

where p ve is  t h e  par t icular  inlet vapor density, Differentiating 17A 

logarithmically yei lds  

For purposes of simplification, it i s  useful t o  define a secondary variable 
1 - 

k-1 3 k-1 
k/k-1 

k(1 + 1 
S -  26E 

Now subst i tut ing Equations 23E , 243 , 25E , and 26E i n t o  Equation 

19E we obtain the  normalized form 

L 
Rearranging 27E snd dividing through by dX where X = the  loca l  length 

t o  diameter r a t i o  for the tube we obtain finally 

The quantity EX2 

the  loca l  vapor veloci ty  and the  particular isentropic exponent of t h e  vzpor. 

For saturated pure vapor, t h e  isentropic exponent may be t&en at  an z.verage 

value over the rar.ge of pressures encountered in a par t icular  condenser t&e. 

By use of 1 'Bospital 's  rule ,  it can be shown that at 1r;w veloci t ies  (X-0) 

t h e  variable S I 2  reduces i ; ~  a2 = 2. The d i f f e ren t i a l  Equation 28S then 

i s  a secondary dependent variable which is a function of 
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reduces to 

This is ident ical  t o  Equation 8E derived at t h e  beginning of t h i s  

Appendix f o r  an incompressible vapor. 

Equation 2€% must be applied in the analysis of two-phase flow 

character is t ics  for  fu l ly  developed turbulent flow whenever t h e  vapor veloci ty  

i s  such tha t  the r a t i o  ' 0  " is signif icant ly  greater  than unity. 
I 
I 
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APPENDIX F 

Initial Liquid Boundary Layer Equation 

Assuming that liquid condensate flows in an annular cross section with 

an area A and a thickness 8 ,  we may write L 

2 * - (D - 28) nD 
4 AL = 

which reduces to 

The rate of flow of liquid condensate 'dL canthen be expressed 

lF 

2F 

3r' 

Differentiating 3F logarithmically and assuming p varies insignificantly 

we obtain 

AJ Y 

l=gT - = -  + - -  
wL 8 vL 

When 8 is small relative to D ( 8<<D3 l+F reduces to 

4F 

We then introduce the well-known non-dimensional universal distributiofi 

f unc ti on8 

Y+ = Y/u Js 
and 

v + = v  J-$ 

6F 

7F' 
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I n  the present analysis Y = 8 , the l iquid layer thickness. Up to Y** 5 

von Karmn (7) has proposed tha t  Y+ = V'. 

therefore, 

For the  region where Y+ = V+, 

ViL = YL CI, rWg = 8S"g  
U, 

8F 
' L  ' L  

where V i s  the time average in te r fac ia l  l iquid velocity. This l inear  rela- 

t ion  8F requires tha t  the time and area average l iquid velocity (V } equal 

one-half the t i n e  average in te r fac ia l  l iquid velocity, ViL, thus 

i L  

L 

vfi - 2 VL 9r' 

The laminar l iquid boundary l a j e r  thickness may, therefore, be expressed by 

Differentiating 1OF logarithmically gives 

d 8  dVL d T w  
e--- 

-g. vL Tw 

Equation Ill" may be substituted in to  5F t o  obtain 

11F 

12F 

At the beginnin2 of vapor condensation the total l iquid flow WL is a 

I n  t h i s  regicn, i t  very small quantity with vi r tua l ly  negligible momentum. 

mig there fere  be assmed t h a t  

a boundary layer i n  e i ther  laminar o r  turbulent flow a f t e r  inlet t o  a condenser 

tube, the f r ic t ion  factor may be expressed i n  the  form 

T,' rn* If the vzpar flew hegim to develop 

I 

~ 

fV  = Cf / (Re$' 13F 
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where Cf and s are par t icu lar  constants and the length Reynolds nunber i s  

He = V L/pv. We my, therefore,  write x v p v  

V 2/ (Re)' 2g  I&- 
2 - 

T w - f v = f v P v  vv = CfPv 

Different ia t ing l@ logarithmically and neglecting t h e  var ia t ion i n  dyna;2lic 

viscosi ty  leads  t o  the  expression 

Now subs t i tu t ing  15F in to  12F , we obtain 

dL - 
L 

P v  dp dWL 
(2 - s) - - - - (1 - s j  - = - 2-- dvL 

vL P "'L P v  

15F 

16F 

Again norrnalizing t h e  terms of 16F and dividing by dL, we have the  

d i f f e r e n t i a l  equation 

I n  most cases the region of the  developing laminar annular liquid layer 

i s  so  short--i.e., several  diameters or  less--that t h e  var ia t ion i n  vapor 

veloci ty  and density over t h i s  length may be neglected. Equation 17F n2.y 

then be simplified t o  t h e  form 

If t h e  i n i t i a l  vapor boundary layer develops in laminar flow from the tuba 

entrmce,  t h e  constant s has the  value s = 1/2. I f  the vapor layer  develops 

i n  turbulent flow, s = 115. 
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If t h e  vapor i ’ l ~ w  enters t h e  ccndensing region i n  f u l l y  developed laixinar 

or turbulent flow, t h e  in i t ia l  boundary layer  equation will take s t i l l  another 

form. 

bouiidary layer equation for fu l ly  developed lami-,a.r o r  turbulent vapor flow. 

For the  turbulent flow of stearn i n  sinooth pipes a t  moderate pressures, t h e  

equation given i s  

Burbail: and Hilding (28) have derived an expression fo r  t h e  l iqu id  

For f u l l y  developed laninar  vapor flow a t  the  beginning cf condensation, the  

liquid boirndaiy layer equation simplifies t o  

I f  the variation i n  stream pressure and vapor veloci ty  are  neglected over 

the short length of t he  developing l iqu id  boundary layer  t he  equation simplifies 

t o  t he  form 

21F 

Except f o r  t h e  right-hand term of 18F , Equations 18F and 2l.F are ident ical .  

The term E plays a strong r o l e  i n  Equation 

zt the  tube entrance where 

6 18F , since the tern is  i n f i n i t e  

X = 5 = 0. 

For the  integrated solutions presented i n  t h i s  paper, Equation 17F w i t h  

@- 0, has been used f o r  t he  region up to Yf = 5 .  The value s = $ has dx 
been assumed for a laminar development of t h e  vapor layer s t a r t i ng  at zero tube 

length. 

E i t h e r  form of the i n i t i a l  Liquid boundary layer  equation must be l imited 

i n  application t o  the region of developing laminar l iqu id  flow, i.e.) 
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Y" 

necessary, therefore, t o  determine the  axial position a t  which the  l iqu id  

interface Will, begih t o  become turbulent. 

equal i n t e r f ac i a l  velocity presstires may be eqloyed (see AppeRdix E). 

5 - 11. In  the  numerical solution of the system of equations, it is 

Fromthis point, the  equation of 

Rearranging Equation 6F w.d, since 6 = Y, we obtain 

h 

22F 

A t  the  s t a r t  of condensation, we have assumed a l i nea r  development of the  

velocity c5stribution in the  very t h in  l iquid layer, thus Equation 9F gives 

= 2 ?  and Equation 1OF relates the l iquid layer thickness with the  'iL L 
average l iqu id  layer velocity, thus 

L /r w 1OF 

In  addition, the  continuity equation for the  th in  annular l iqu id  layer 3F 

may be simplified to 

23F 

Combining Equations 10F , 22F and Z-5F , the local l iqu id  flow rate 

c8n be expressed as a function of the dimensionless liqirid layer thickness 

Y+, thus ,. 

An expression for the  loca l  l iqu id  flow rake as a function of t h e  axial 

tube l e n g t h  after s t a r t  of condensation is given i n  Appendix G, as follows: 

H,A L 
2 AWL = 

+L 
hfg 2g  778 

2G 
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P.ssuning t h i s  equation holds wi th  suf f ic ien t  accuracy over t h e  f i r s t  few 

diameters of the condensing lungth, i.e., 

h g  24F and 2 G  leads t o  t h e  equation 

WL = AWL i n  t h i s  region and equat- 

2 
X = L/D = 7787rg h (Y') pL /2Ho fg 

Equation 25F may be solved fcr t h e  i n i t i a l  distance X i n  d i a e t e r s  over 

which the developing l iqu id  layer remains i n  a laniner flow. 

Y+ = 5 

The value 

has been used i n  the  solutions presented i n  t h i s  paper. 
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Calclllation of I n i t i a l  Conditions ldecesssry fcr Digital  CompLter Solution 

of the  Different ia l  Equations of C h a m  

It i s  not possible t:, perform a d i rec t  integrat ion of t h ?  systn:: cf non- 

l i nea r  d i f fg ren t i a l  equations of change developed i n  this paper an2 e.ur;:arized 

i n  Table I. 

accuracy by em?loying numerical methods of solution. 

s a twa ted  vapor a t  the mouth ~f a condenser tube, t h e  systen of equatAons of 

Table I m y  be solved nurrierlcally by use of a d i g i t a l  coriputer. 

information mu.st be specified t o  pr!nit p r o g r d n g  ii solution f o r  a pr;;posed 

condenser tube: 

!!owever, i t  i s  possible t o  f i n d  apprcxirnczte solutions ol" suf f ic ien t  

%ginning w i t h  dry 

The fQlIm5ry; 

1.. Tube 1.3. 

2. 

3. 

4. 

5. 

Local. heat trmsfer r a t e  per- unit l ength  or  surface area 

I n l e t  s t a t i c  pressure of saturated steam 

Inlet, average s t e m  veloci ty  o r  t o t a l  mass f low r a k  

Local i n t e r f ac i a l  vapor f r i c t ion  f ac to r  or  iocal  wall fric-Lion 

factor ,  

Empirical data on 'the thermo-?hysical properties of the 

par t icular  saturated v q o r  and i t s  saturated liquid. 

Exaxination of the equations ol Table I reveals t h a t  s ingular i t ies  i n  t h e  values 

of several  of the  coeff ic iects  id11 e,xist. at t h e  beginning of condensation when 

the  t o t a l  qual i ty  i s  w i t y  ( e  = 1) and t h e  l iquid veloci ty  i s  zero. 

.situation presents no d i f f i c - d t y  for  a d i r e c t  in tegrat ion process, bu t  cannot 

be handled w i t h  a nuqerical sclution on a d ig i t a l  computer. 

avoid the  problem of coefficient s ingular i t ies  Sy establishin,3 f i n i t e  values of  

6. 

This  

It i s  poss ib le  t o  
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these ewfficfents a t  a very short length increment af ter  the begiranhg of con- 

densation by the method outUned below, It should be pointed out that it  i s  

not possible to begin the numerical. solution in the  middle of a condenser h b e  

since the v s l ~ e s  of the n o m l l n e d  dqxnd6~1t variables are always rebated to 

the conditione at a t o t a l  quality of unity at the onset of condensation. 

condenser tube which i s  expected .to receive wet vapor may, of coursa, be desilplsd 

Prom the  point at which the expected t o t a l  inlet quality corresponds t o  the 

quality OR the analytical solution. 

A 

Xri order to establish f in i t e  coefficients at the start of th6 numerical 

solution process, the equation of energy conservation ie applied t o  the procesv 

of condensation of a small fraction of 88.turatod inlet. vapor, thus 

1G 

where 

s a l  but finite increment of length usually a tenth of a diameter or less. 

Solving for the condensed Liquid fraction, we find 

Ho is the heat transfer rats per unit axial. tube length and A L is a 

H A L  
2G 

is the Patont heat of condensation taken at the  inlet sat.&-atio-.i 
flp 

where h 

preseure, The local  qualitg (8) at  A L wi.31, therafore, be 

From the equation of continuiky, 

L vL AL wL 
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the  annular l i q u i d  layer cross section is 

AL rD6 

For the developing laminar l i q u i d  layer, we have 

Assuming A linear development of the  velocity i.a the  very t h i n  l i q u i d  layer at 

the beginning of condensation with respect t o  t he  l i q u i d l a y e r  thickness 8 

we m y  write 

I 

- VL - ViL /2 7G mean v 

where ViL is  the t i n e  average in t e r f ac i a l  l iqu id  veloci ty  and, therefore, 

2v / I 3  = w = C L L  L 8G 

If it i a  ass- t h a t  a laminar vapor layer  begins t o  develop from the leading 

edge of t he  tube mouth, the  loca l  in te r fac ia l  vapor shear stress can be ex- 

pressed as 

A t  the  s t a r t  of condensation the  small amount of l ow veloci ty  l iqu id  has 

Virtually negligible PbMnSntum and, therefore, wd ray write 

Combining Equations 1% and 8G , we may solve for VL, and also the 

normallzed l i q u i d  velocity a , thus 
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From continuity, we also have 

1 1 G  

It is, therefore, possible t o  find an expression f o r  the local vapor velocity 

and its normalired form, thus 

w - w- w - w, 

Actually the vapor velocity changes very l i t t l e  over a short increment near t h e  

tube mouth, L e . ,  p - 1. N 

For a developing laminar vapor layer  near t he  tube entrance, it may he 

shown by simple integration, that the  average shear stress over an in te rva l  be- 

g h h g  at zero length is twice the  loca l  value, thus 

Writing the momentum equation over the  short  increment A L, we have 

16G 

This expression neglects any small changes h t h e  vapor momentum per un i t  vapor 

mass over the small iPlcrement AL. 

Solving for t h e  normalized pressure (g), we obtain 
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47rD F v A ~  HL (v ve - vL> 
= l -  4- pL @-y 'e A pe 4 3  e 

1 7 G  

- It is  necessary t o  evaluate T~ fromEquation 15G above, t o  find a numerical 

value fo r  Equation 1 7 G  . 
For a very short, finite, initial increment AL, we may thereby find f ini te  

values f o r  t he  no-zed dependent variables Q ,B , 8, and @. The co- 

e f f ic ien t3  of each term of t h e  several d i f fe ren t ia l  equations of change will now 

have f ini te  values and t he  numerical solution may be begun on 8 digital computer. 

If the  vapor is in fu l ly  developed laminar or turbulent f low at  the  start 

of condensation, a similar analysis can be made u s i n g t h e  proper expression for 

t h e  in te r fac ia l  vapor shear s t r e s s  at  t h e  beginning of condanaation. 
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APPENDIX H 

Analysis of ExDerbentaL-Data f o r  University of Connecticut Tests 

Beginning in Jtas 1952, experimental research on steam condensatiorr i n  long 

small tubes was conducted by the  Mechanical Engineering Department at The Uni- 

ve r s i ty  of Connecticut. This research was done under a subeont rac t  with t h e  

United Statee Air Force and under tho supervision of t h e  CANEL EZIaject of t he  

Pratt and 'Whitnay Division of' t he  UnLted Aircraft  Corposatiora. 

t h i s  research on steam condensation were reported ja f i f t e e n  [15] monthly 

'Progrew Reports' and two [2] ' F ina l  Summ8ry Reports' submitted t o  Pratt and 

Whitney A i r c r e t ,  East Hartford, Connecticut. 

[a] final summary reports are as follows: 

'Final Summary Report' on YXeam Condensation i n  Small Tubes,It dated 

October 15, 1952. 

'F inal  Sumnary Report' on "Steam Condensation in Small Tubes,I1 dated 

November 30, 1953. 

The results of 

The dates and t i t l e s  of the  two 

1, 

2, 

The experimmtal data and experience with steam condensation gained during 

the  period of this earlier work has been of invaluable assistance i n  the  de- 

velopment of the  analyt ical  studies which have been made during t h e  period of 

the present NASA sponsored research prograq,, 

Some of t he  more useful experimental data  gathered during t he  earlier 

resoarch program h2s been tabulated i n  Tables 1-H through 8-H and i s  reported 

at the end of t h i s  Appendix, ln each case, t he  or ig ina l  experhe&&- b&%w on 

local pressura and temperature! measurement over t he  length of the condenser 

tube a r e  reported. 

velocities, l iquid layer thickness, l o c a l  steam side heat t ransfer  coeff ic ients ,  

I n  addition, computed data on l oca l  vapor and liquid 
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local tube w a l l  friction factors, and local interfacial vapor friction factors 

are reported. 

during the period of the present research program. 

The major portion of the necessary computations have been =de 



Recorded and Computed Data 

For the experimental tests conducted on condensing stem, t h e  foUowing 

data  was recorded i n  moet t e s t s :  

1. 

2. local s t a t i c  pressure (P) 

3. local  stagnetion pressure (P,) 

4. 

5.  

6. 

7. 

Fromthe above data the following information was computed f o r  moat tests 

&a1 distance along tube from onset of condensation (L) 

local  vapor temperature (T ) 

loca l  cooling water temperature (Tc) 

t o t a l  flow r a t e  of condensate at exit (WT) 

t o t a l  f l a w  r a t e  of cooling water (wC) 

V 

cases: 

1. 

2. 

3. 

4. loca l  vapor velocity (V,) 

5. loca l  average l iquid velocity (V,> 

6. loca l  vapor cone cross section (Av) 

7* l oca l  l iquid layer  thickness ( 8 ) 

8. loca l  i n t e r f ac i a l  vapor f r i c t i o n  factor  (fV) 

9. l o c d  superf ic ia l  wan f r i c t i o n  factor  ( fw ) 

10, local  vapor Reynolds number (Reqr) 

ll. l oca l  superf ic ia l  vapor Reynolds number (ReV ) 

12. loca l  surface coefficient of heat transfer of the  condensing vapor (hv) 

loca l  heat t ransfer  r a t e  (Ho) 

loca l  l iquid flow r a t e  (W,) 

l oca l  vapor flow r a t e  (W,) 

I 

. 
1 
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Method of Gomutation 

1. Local Vapor Velocity - 
For t h e  loca l  saturation pressure P the 1oc&3. saturated vapor enthalpy 

(E,) is  detemined from the steam tables of Bef. 15. 

compression of the saturated vapor in the mouth of the stagnation pressure 

probe fromthe s t a t i c  pressure P t o  the stagnation pressure Po, the stagna- 

t ion  enthalpy Hyo is determined at Po. From the energy equation, we obtain 

Assuming isentropic 

which is the  loca l  vapor velocity indicated by pressure probe measurements. 

2. Local Vapor Fraction - 
From energy conservation, we have 

2 H  

where ET is the t o t a l  energy ra te  enter ingthe condeneer tube, Hvoe is the 

stagnation enthalpy of the supply steam and 

removed up t o  R - L feet. Fromthe principle of conservation of mass 
% is the t o t a l  r a t e  of heat 

w* = WL + wv 3H 

and since W is a measured quantity, we solve for  W, and obtain T 

which may be reduced t o  
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This equation gives the local flow rate of the remaining vapor. 

3. Local Liquid Fraction - 
From Equation 3H 

WL - WT - wv 
4. Local Vapor Cone Cross Section - 

From the equation of continuity, we have 

A V  
V - p .  v v 

solving for the vapor area Av, ue obtain 

Av - wv P v  4 
5.  L o c a l h u l a r  Liquid Cross Section and Thickness - 

k=A-A V 

The vapor cone diameter is 

D V =L/v 

3H 

6H 

?H 

8H 

9H 

from which we obtain an expression for the thickness of the annular l i q u i d  

layer thus 

1OH 

6. Lam1 Icterfacia ',?apor Frictier, Faztar = 

The vapor friction factor i s  defined in Appendix C by the expression 

T .. 
6C 



Solving t h e  vapor momentum Equation 

fac tor  (fv) results i n  the  expression 

2C explicitly for  the vapor f r i c t i o n  

W f V +  ( V 

V P V V V  P 
UH 

In  order t o  coqute loca l  values of the i n t e r f a c i a l  vapor f r i c t i o n  fac tor  

from experimental data, it is necessaryto determino e‘ach of t h e  terms in  

The method of evaluating loca l  

fv 
the  ahove equation from the experimental data, 

flow properties has been outlined in this Appendix. 

the  same properties must be found by graphical means from sui table  p lo ts  of the 

several  properties, 

The local derivatives of 

7. Local Superficial  U a l l  Frict ion Factor - 
The super f ic ia l  w a l l  f r i c t ion  fac tor  is defined in Appendix C by the  ex- 

pression 

Solving the combined moaentum Equation U C  exp l i c i t l y  for the super f ic ia l  
1 

wall f r i c t i o n  factor  (f,, ) leads t o  t he  expess ion  

? 
Computation of (fw ) from experimental data  must be done by the  atme 

methods as used i n  computing the  vapor f r i c t ion  factor,  

8, Local Vapor Reynolds Number - 
The local vapor Reynolds number is defined by the  expression 
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The quantit ies on the  right-hand s ide of t h i s  equation a re  taken from the 

computed local  flow properties and fram t ab l e s  o f t h e  physical properties of 

saturated vapor taken at the  local. s t a t i c  pressure. 

9. Local Superficial  Reynolds Number - 
Tho local  super f ic ia l  vapor Reynolds number is defined by the  expression 

This definit ion i s  ident ical  t o  t h e  def ini t ion of t h e  ordinary vapor Reynolds 

number except t ha t  t h e  inside tube diameter has replaced the vapor cone diameter. 

The def ini t ion used by many earlier investigators assumes t h e  vapor f rac t ion  

flows i n  t h e  condenser tube without the  l i qu id  being present, thus 

r 
Rev - GvD/Pv 15H 

I n  t h i s  definit ion the quantity 

on t h e  tube cross section. 

vestigators no attempt was made t o  determine t h e  actual  vapor veloci ty  and SO 

no al ternat ive t o  t h e  above Reynolds number def ini t ion was possible, 

Gv is the  l o c a l  vapor mass f l o w  rate based 

I n  most experimental work conducted by other in- 

10. The Local Heat Transfer Coefficient of t he  ConaonsSng Vapcw - 
Two methods were used for  computing the  loca l  coefficient of heat t ranafer  

(hV) for t h e  condensing vapor. 

ifirest ~etkwi, reqdres neasue-,eellt; of t he  out,si& s ~ f a c e  t,eiiprat,*a-e of tiie 

inner or  condenser pipe, Only heat exchanger No. 2 was instrumented YO as t o  

measure t h i s  temperature directly.  The loca l  r a t e  of heat flow i n  the radial 

direct ion a t  any point along the  pipe was determined by taking t h e  product of 

The first method which will be cal led the  

31 -- - 
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the cooling water flow ra te  in t h e  annulits and t h e  l oca l  axial gradient of t h e  

cooling water teniperature. The axial gradient was determined graphicaliy from 

t h e  slope of t he  temperature curve f o r  the cooling water. 

equztion fo r  radial hea5 flow through a cylindric -11, the  temperature drop 

hqU) across t h e  w a l l  w a s  calculated. 

tho w a l l  t o  t h e  n;easured outside w a l l  temprature  gives the inner surface 

temperature of t he  condenser pipe. 

Using t h e  well-known 

Adding t h e  drop i n  temperature across 

Using t he  loca l  heat transfer rate per foot of tube (Ho) as  deteminod 

above, t he  loca l  surface coefficient of heat transfer was then derived from 

Newton's cooling l a w  as follows: 

Solving f o r  hv, we obtain 
H 

16H 

1 7 H  

Note t h a t  

Di 
temperature of t h e  condensing vapor, and 

ature determined by t h e  method outlined above. 

Ho is  the local radial heat t ransfer  flux i n  BTU per hour foot. 

is t he  inner diameter of the  condenser tube, T, is t h e  loca l  saturation 

Tw i s  t h e  l oca l  inside wall temper- 

The second method which w i l l  be called thz indirect method, requires t h e  

calculation of the tsmperature drop across the  cooling water f i l m  on t h e  outside 

of t h e  condenser tube. The l oca l  temperature drop across t h e  cooling water f i l m  

wa9 determined by d iv id ing the  local r a t e  of radial heat flow per foot  of tube 

by t h e  local outside cooling water surface coefficient of heat t ransfer  (hc). 

(See succeeding paragraphs for t he  method of determining 

d i r ec t ly  determined t h e  outer surface temperature of t h e  condenser tube the 

hc. Having in- 
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procedure is then ident ica l  with t h a t  of the  direct method of calculation 

described above, 

For the two condenser heat exchangers (Nos. 1 and 3) not instrumented with 

condenser tube surface thermocouples, it was necessary t o  eqer imenta l ly  de- 

termine a correlation fo r  the  outside surface coeff ic ient  (h ). 

h e a t  exchangers, tests wefe conducted using hot water in the  condenser tube 

cooled by cold water in the  annulus between the  inner and outer tabes. It was 

assumed t h a t  the dimensionless correlation for a hot l iqu id  flowing inside the 

c i rcu lar  condenser tube w a s  known wi th  good accuracy. 

flow i n  a tube the  correlation 

For these two 
C 

For example, i n  turbulent 

0.13, 
r Nu - 0.027 (Re) 18H 

is w e l l  documented f o r  the  conditions encountered in t h i s  test ,  The loca l  rate 

of radial heat flow can be determined from e i ther  the  heated or cooled stream, 

since the flow rate of both and the  loca l  a x i a l  temperature d is t r ibu t ion  of 

both was recorded. 

t ransfer  through a c i rcu lar  wall, the l o c a l  coolant surface coefficient w a s  

calculated. 

Employing the  well-knom expression f o r  f l u i d  to f l u i d  heat 

The equation is as follows: 

I <T, - Tw> 
Ho- 1 h (D, /D,) 1 19H 

+ -  V L  - +  
Dohc * kw Dihv 

20H 

Sold-ng far the outside cooling surface coefficient (h-) results in t h e  ex- 

2ression 
G 

.I A 
1 hc - In (Do 4) 

- -1 I, 

0 [ncTzo- Tw) kv Dihv 



For the correlation of the annulus cooling surface coefficient, the so- 

called j factor or Colburn number was used, thus 

w 0.u DeG = f  - 
hc (Pd2’3 ( f )  cr c o = j =  E 
P 

~ 

~ 

~ 

where 

diameter De = (D2 - D1) and D2 is  the inside diameter of the outier tube of 

the annulus and 

p,, is  taken at  the out8ide wall surface temperature and L e  equitralent 

D1 = Do i s  the outer diameter of the.condenser tube. 
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TABLE H-1. 

UCom Test 7-10-52 

Experimental Data 

5.50 16,3 
6.00 X0+7 
6.25 13e4 
6.50 12,1 

7.75 9.1 
8.00 1 8.9 
8.25 9.0 

10,OO 13.3 
10050 1400 
11.00 14.5 

44.9 
44.8 

43.9 

3999 

36.2 

32 o 4. 

25.8 

2507 

22.8 

21.2 

19-8 
19.3 
18.6 

17.5 
16,2 
15.3 

*v 

283 
261 
263 

255 

243 

234 

226 

2 16 

207 

193 

186 

178 

182 

201 

207 
205 

Tc 

105 I 
103 0 0 

97.3 

91.0 

8500 

7900 

93.0 

66,5 

61.0 

58.7 

5604 
5 S o 5  
5403 

52.7 
5104 
50.8 

5007 

Test C0radl.t ions 

A )  Counter flow 

B) Condenser tube I.D. *= 0,550 in. 

C) Cooling water rate a 131 Ibm/min 



Computed Data 
~ - - ~ - -  

f: 
10-3 

6,677 

6.0U 
6 i 2 3  
6.4.48 
60 579 
6.253 
6 , W  
6 0 023 

6 o 785 

6 913 

5 695 

5 o W 

30?6s 

-2.468 

2 e 489 
0,191 
-2 319 
-22 0 271 

--- 

A )  
B) 
C) 
D) 
E) 
F) 

Condensing iengbh - 11.0 f t0  
Tota l  s t e m  condensed = 474 lbm/hr (probe b.) 
Average beat transfer rate = 11,96 BTU/f't see 
Averkge heat gained by Cooling water = 8160 B T U / h  
Average heat lost by condensing V ~ F O P  = $9W B T U / d n  
Heat balance WFOP = 3,2$ 

I 

hv - 
- 

8130 

77oc 

22oc 

t34M 

L83 OC 

4Q8( 

20id 
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TABLE H-2 

uconrl Test 7-17-52 

E -- 
P 

I. 
¶------ 

T v 

Teat 

H vo g 

E) Copdenser tube 3,D. = C,550 in, 

C) Cooling water rate = i~ l'cm/min 



TABLE H-2 Iconto) 

Computed Data - 
Tube 
,ennth 

0 
O J  
0-3  
0- 5 
. o  
200 
3 -0 
4 9  
435 
500 
5 - 5  
boo  
700  
8,O 
9d0 

1o.c 
1Q03 

QR 
-3- 

0 
1'1.90 
48- 55 
65 - 55 
91- 90 
~ 3 1 ~ 2 0  
170 ̂I 50 
208 a0 
220070 
248000 
266,OO 
283.00 

34O00 
357000 
3600 50 
3630.00 

3 l k o 0 0  

363 2 
345 ~b 
311 - 3 
293 9 
267 2 
228 6 
19.903 9 
155 - 3  
U5,2 
U908 
LO2 9 
86,8 
5706 
316 
3-403 
u01 
0 - 

Computed Conditions 

A)  

B) 

C) 

D) 

E) 

F) 

COnden8hg length = 10,3 fi 

Total  atem condensed = 372 lbm/hr 

Avsrage heat transfer rate = 908 BTU/% see 

Average heat gain of cooling water = 6570 BTlJ/- 

Average heat loss of condensing vapor - 5180 BTU/min 

He&% balance error = So* 
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E 

TABU3 H-3 

U C O ~  Test 7-18-52 

Tube 
Length 

0 
0,1 
0.3 
00 5 
037 

.o 
l o  5 
200 
20 5 
300 
440 
500 
5.5 
6.0 
7.0 

P 

23 4 
L8 5 
18,5 
Y8,3 
18,l 
17.6 
16,7 
15.6 
l408 
U O O  

13-4 
13.5 
1307 
14.,0 
1403 

24,6 
24,6 
24* 6 
24.5 
240 4 
24,l 
2303 
22,2 
20,8 
190 5 
1’7 3 
16 .O 
1505 
l S O l  
14.3 

v T 

Derimental Data R Data From Steam Table 

266,O 

238,5 

228,3 
2170 5 
210.8 

206 7 
205 6 
2Q7,7’ 

209 e 5 
19LO 

I I  
HVO 

92,2 

77.5 

75.4 
72.9 
7008 

67-4 
6305 
5900 

5500 
52.7 

Zest Conditions 

A) Counter f l o w  

B) 

C) 

Condenser tube I.D. = 0,550 in. 

Cooling water rate = 140 lbm/min 
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TABLE H-3 (cont, ) 

Tube 

0 
16.8 
4200 
63,O 
81.5 

101.0 
l 2 6 , O  
l47.0 
165 0 
182 0 
2 1 8 , O  
252.0 
265 . 0 
294,O 
27’7.0 

Computed Data 

I I I 
W W A  

10-3 10-1 

173 0 
155.3 
130.2 
l09.4 
.91 1 
.72 e 2 
48.6 
29.3 
.13 2 
9 5 2  
65.7 
34.3 
24=4 
11.3 
0 - 

0 

0,29 

0,63 
0.76 
0.93 

1,Ol 
1017 
1049 
1.65 
1.88 

- 

7 ., 285 
7.422 
6 671 
6 897 
6.425 

LO, 633 
9.500 

L3 398 

7.121 
6 424 
4 406 
3 0 750 
3.359 

1.789 2.472 
1.641 2,374 
1.497 2,244 

1.022 1,784 
0.665 1.450 

1.321 2.068 

0,151 0,3l4 0,984 I I  
Computed Conditions 

A )  

B)  

C) 

D )  

E)  

F) 

Condensing length = 700 f t .  

Total steam condensed = 273 lbm/hr (probe i n )  

Average heat tmnsfer rate = 11,7 BTU/sec ft. 

Average heat gained by cooling water = 5530 BTU/mh 

Average heat loss of condensing vapor = 4920 STU/min 

Heat balance error = lLO% 

291 lbm/L-r (probe out> 

61 



TABLE H-4 

UConn Test 8-6-52 

Tube 
Length 

0 
00 5 
l e 0  
105 
200 
20 5 

3.5 
4 \c  
4 5  
5 0  
5,5 
6,O 
6,5 
700 
7.5 
8 , O  
8,5 
900 
90 5 

10 0 
10 3 

3 00  

P 

2409 
20a7 
20,o 
1903 
18,5 
17,8 
17"1 
16,4 

1 5 0 1  
1406 
U n 2  
1309 
1307 

1509 

1306 
1306 

1306 

13.6 
1306 

13,8 
13.9 

E3 

240 9 
24.9 
24.6 
2401 
2305 
22.6 
2 L 7  
20,8 
20,o 
19,2 
18.4 
17-8 
17.1 
1604 
1509 
1595 
15.2 
u 0 9  
U 0 7  
1404 
U n 2  
1401 

erimental Data 

v T 

230 : 0 
228 - 0 
226,5 
224 0 
222 3 0 
219 6 
217,O 
245,O 
213 ,O 
211 c 2 
210,o 
209 0 
208,5 
208*0 
208 0 
208 a 0 

203 0 
19500 
1 ~ 3 5 ~  5 
176.4 

207 e 3 

210,3 
208.4 
206 ~ 6 
204 ., 8 
202 7 
200.5 
198,3 

194;O 
191,8 
188,9 
185.8 
182 3 
178.1 

169.8 
165"7 
160,6 
15&5 

148 - 4 

196 3 

173 o 9 

1510 5 

Test 

A )  Counter Flow 

E) Condenser Tube IoDo = 0,550 

118,7 
115 5 
112 3 
108.5 
1041 5 
101,o 
9707 
94,6 
910 5 
87=8 
8306 
79.5 
7508 
7237 
70.1 
67.5 

62,6 
60,4 

65.1 

58.3 
5700 

Data From Steam Table 

HVO 

1170,20 
1172 23 

1172 50 
1172 ,1 40 
117L52 
1169 88 
1170 ,_ 17 
1168 97 
1167 58 
1166 45 
1164 83 
1162 81 
1161 09 
1158,65 

1172075 

1157 o 32 
1155 -75 
1155079 
11540 51 
1151.12 
1150,40 

ondit ions 

1156,93 
1156 30 

1151,95 
1153 98 
1153 21 
1152 44 

1150 92 
1150,28 
1149 76 
1149036 
1145, 08 
Il48 94 
1148 94 
1148 94 
1148 94 
1148 94 
l a 9  22 
1149 29 
1149 36 

1155 3 55 

1151 e 64 

HL 

198 ,, 00 

194 10 
191 98 
189 96 
187 86 
185 69 
183 41 
181 44 
180,31 
178,51 
177 24 
176 50 
176.13 
176 13 
176.13 
176 13 
176.13 
176.79 
177 04 
177 24 

196 16 

C )  Cooling water rate - 6405 1bdmi.n 



TABJZ H-4 (cont,) 

894 
928 

959 

949 
963 
951 
932 
914 
880 
830 
783 
700 
646 

565 
520 
301, 
225 

942 

959 

585 

% 
10.3 

0 
1200 
24,O 
38,7 
54.6 
69.4 
83,4 
96.5 
L08,5 
L200 5 
13500 
U900 
164. 0 
17%- 5 
L88.5 
200.0 
?O8,5 
219 0 
?27,0 
?29,(3 

248 , 0 
2 4 2 0  5 
- 

vL 

0,384 
0.479 

0,637 

0.776 
0.779 
0.832 
0,852 
0.882 
0.889 
0.899 
0,904 
0,923 
0.926 

0,883 
0.903 
G.963 

0,577 

Oo702 

0,914 

0 
12,5 
24.8 
39.2 

6909 
83-5 

LO8,O 
E0,8 
135.0 

L64.0 

5503 

97.33 

14900 

17700 
188.4 

!i8,4 
127.0 

L98.7 
?08,0 

128.6 
!32-4 
!4ooo 

119. C 

.90 2 

.76 3 

.63 4 

40.6 
29,8 
16,4 
-03 e 7 
8908 
77.5 
67.5 
5790 
490 5 
39.8 
32.7 
319 6 
18.8 
uo 0 

05.3 

. 5 1 e  5 

- 

0 
10530 0.10 
1.370 0.24 
1,280 0.33 

1,IAO 0046 
1,100 0.50 

1002 0059 
0.982 0.63 
0,937 0068 

0.801 0.83 

1,210 0039 

l e 0 7 0  0.54 

00872 0075 

0.743 0090 
0,692 a97 

0.546 1.17 
0,464 L29 

0.653 1.02 
0,6U 1.07 

0,480 1.27 
0.487 1.26 
O o U l  1.27 

Computed Data - 
4.395 
5,458 
50838 
6.l4l 
6.105 
6,165 
5,795 
5.965 
6,511 
6,737 
7,024 
5.746 
4,955 
4.775 
4.391 
3,544 
; 713 
1,652 

10-3 10-1 

2,490 2,269 9040 
2,206 2.501 9350 
2,107 2.459 'log00 
2.107 2.416 10600 
1.912 2,334 9700 
1,802 2,226 9320 
1.721 2.178 9190 
1.619 2,080 9620 
1.499 1.980 10750 
1,386 1,896 10300 
1,256 1.793 9UO 
1,126 1,670 6670 
1.018 1.565 5200 
0.885 1.399 4170 
0.792 1.291 351-0 
0,676 1.169 3040 
0.602 1.129 285C 
0,570 1.053 2990 

3230 
3850 

fv  
10-3 

4 . 083 
5.253 
5 670 
5 0 997 
5 e 934 
5 998 
50 592 
5,939 
60875 
7,588 
8 e 720 
7,367 
7 170 

7 . 162 
7 169 
2 . 864 
6.880 
.9.070 

7.313 

I a 

I I I8850 

Camputed Conditions 

A )  
B )  
C )  
D)  
E) 
F)  

Condensing length = 10,3 ft .  
Total steam condensed = 260 lbm/hr, 
Average heat transfer rate = 6,7 B n r / f t  880. 
Average heat gained by cooling water = 3980 BTU/-. 
Average heat l o s t  by condensing vapor = 4300 B T u / d k  
Heat balance error = 7.0% 



TABLE H-5 

UCOM Test, 8-13-52 

Tube 
Length 

0 
0.25 
0.50 
100 
1- 5 
200 
2.5 
300 
3.5 
4.0 
5.0 
6.0 
6e5 
700 
8,O 
9.0 

L0,O 
L1,O 

Emerimental Data - 
P 

3807 
38,2 
36,9 
3404 
31.6 
28.7 
26.9 
24,l 
22,3 
200 5 
18.3 
16,7 
16,l 
15.6 
15.2 
14e8 
14.5 
14.4 - 

45‘5 
4 4 5  7 
43.7 
4007 
36.9 

31.4 
29,O 
27.0 
2500 
22.5 
20.2 
18.1 
17.1 
15,8 
1409 
140 6 
1404 

3400 

Tc 

56,8 
66,6 

87.5 
118 6 

145.0 

164.2 
168.8 
173.8 
181 e 2 

185 2 
188,8 
190.6 

7164 

127 e 4 

157 e 2 

193 0 5 
1940 5 

Data From Steam Table 

1181 86 
1181,31 
1181 * 53 
1179 92 
1176,99 
1176.34 
1173 86 
1173 o 34 
1173 e 03 
1172 00 
1170.25 
1167 13 
1160~78 
1158.29 
1153 86 
1151004 
1150.68 
1150~02 

Test Conditions 

A )  P a r a i i e l  flow 

B) 

C )  

Condenser tube 1,D. = 0,190 in. 

Cooling water r a t e  = 5.76 lbm/min. 

V 
H 

1169.05 
1168.80 
1168 14 
1166 74 
1165.12 
1163 19 
1161 93 
1159.88 
1158.37 
1156 7 5 
1154.47 
1152,77 
1152 11 
1151.52 
1150092 
1150.54 
ll50,15 
1150.02 

HL 

233 ., 21 
231.09 
226 ,, 88 
221.85 
216 e 26 
212 e 51 
206,37 

1% 97 
191 99 
186 62 
184 64 
183 10 
181, ’77 
180 ., 41 
179.36 
179,19 

202 04 
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TABLE H-5 (cont.) 

Computed Data 

Tube 
LenPth 

0 
0.25 
0050 
1.0 
1.5 
2.0 
2.5 
3.0 
3.5 
4.0 
5.0 
6.0 
b05 

8-0 
9.0 
10.0 
11.0 

700 

2.40 

9.54 
16.30 
23.00 
28.90 
33000 
36,OO 
37 e 70 
39.70 
4L70 

43 . 10 
WC.40 
45 40 
46 20 

404-4 

802 
792 
817 
813 
761 
811 

0,358 
0,540 
0,943 
1,360 
1 284 

44.70 
Ua34 
40039 
35038 
28,78 
22,21 

857 1,259 l0,15 
875 11.271 I 8.91 
890 1,300 7,68 
848 1,338 6.50 
657 1,492 6.11 
582 1,602 !j089 

158 4, 92 
163 4.76 
0 0 

383 2.117 5.25 

wL 

0 
2.51 
4* 61 
9.92 
lb,82 
23.69 
29*70 
33.72 
36,65 
38 e 18 
40002 
410 80 
42.49 
43 01 
Ue25 
45 18 
45 94 
50040 

4 10- 

1,960 
1,628 

1 462 
1 e 376 
1 090 
0 866 
0,730 
00596 
0,556 
0.524 
0,506 
0,636 
0 e 713 
0.990 

1,555 

s 

0 
0086 
L O 6  
1.31 
1,56 
2.43 
3.20 
3072 
4*27 
4945 
4060 
4.68 
4*10 
3 -78 
2,76 

Computed Conditions 

A) 

B) 
C) 

Condensing length = 11.0 ft. 
Total steam condensed = 5004 lbm/hr (probe O G ~ >  

Average heat transfer ra te  = 11,7 BTU/ft see. 

3,260 
40 511 
5 0 920 
7 076 
'7 131 

3 -138 

2.378 
1,804 
1.654 
3.465 
2 e 746 
3 698 

5.251 

2.552 

,. .. c 
c ,Lb 
3 * 134 
3 0 923 
4*846 
4,672 
3 808 
3 690 
3 092 
2.832 
1,828 

2.109 
1,661 

1.585 

1.451 

1 0;s 
1.056 
0.962 
0.813 
0.712 
00 597 
0.509 
0,451 
OoW4 
0 o 371 
0,323 
00272 
0 248 
0.188 

B '  ev 
104 

L853 
L878 
LL147 
9 ., 719 
9.557 
8,997 
8 360 
8.178 
7,783 
7 199 
6,355 
4,775 
4.120 
2.653 

44.7 Ibm/hr (probe Fn) 

D) 
E )  
F) 

Average heat gained by cooling water = 992 BTU/min 
Average heat lost by condensing vapor = 791 BTU/& 

Heat balance error = O * i %  

65 



TABU H-6 

UConn Test 8-14-52 

. 
Experiment a1 Data 

Tube 
Length 

0 2Y02 
0,25 29,2 
0,50 28,l 
0.75 26,8 
1.00 25.5 
1.50 22,8 
2.00 20.2 
2,50 18.2 
3.00 16,6 
3050 1505 
4.00 1417 
5.00 Us05 

7 0 \r C 
I 

34.4 
34.0 
33.3 
31,s 
300 5 
2707 
24.7 
22.0 
19*9 
18,l 
16,5 
uc. 5 

250 

247 

241 
23 5 
228 
223 
2113 
21 5 
212 
211 

540 1 

60.0 

66.2 
71.9 
77*? 
83.3 
88,8 
93.8 
9809 
1079 5 

lata From Steam Table 

1168 72 

1175 92 
1175 13 
1174.71 
1173 69 
1171 86 
1168 85 
1166 e 36 
1162 93 
1158 93 
1150015 

1175030 

Test Conditions 

A )  P a r a l l e l  flow 

B) Condenser tube I.D.  = 0.190 in, 

C )  Cooling water r a t e  = 12,67 lbm/min. 

66 

Hv I HL 

1155 o 2 5 
1163 54 
1162.77 

1160 9 5 
1158.82 
1156.48 
n5+. $2 
1152 66 
1151 40 
11500 41 
1150.15 

1161 86 

2.: 7025 
217.25 
215 03 
212 33 
209.52 
203 29 
196 69 
191.13 
189 31 
182 77 
180 I 06 
179 36 



TABLE H-6 (cont. ) 

I 1 
~ 

fV f: 
10-3 10-3 

3057 

5037 5.57 
5.40 5.65 
5.93 6.22 
6.11 6.31 
6.28 6.32 
6,78 6.57 
7.53 6.67 

5027 5.39 

/ 1 1 O  58 

0 
2 280 
4.480 
6 910 
9.200 
13 520 
17.100 
22,250 
26 . 360 
30.240 
34.150 
400 500 

8.953 
8 843 
8.669 
8.137 
7.391 
6,649 
5.929 
5.219 
4.227 

826 
770 
797 
820 
839 
867 
874 
860 
830 
775 
657 
0 

20600 

13900 

10600 
10250 
1~~ 
12600 
24200 
18200 
17900 
1510 

0 
6 040 
la740 
1,500 
1.422 
1.480 
1. 560 
1.560 
10475 
1.391 
1.298 
1.12 

Conpted Data 

40.8 
38.1 
35.9 
33.4 
31.0 
26,7 
23.1 
18.6 
uo 5 
10.2 
6.3 
0 

0 
207 
40 9 
7.4 
9.8 

l i t 3 1  

17.7 
22.2 
26.3 
30.6 
34. 5 
40.8 

1.96 
1.94 
1.83 
1.73 
1,64 
1.52 
1.46 
1.28 
1.12 
00 93 
0.72 
0 

0 
0.07 
0.34 
0.60 
0.83 
1.15 
1.32 
1084 
2034 
2.97 
3.76 
8,50 

Rev 

104 

8,648 
8 307 
70950 
7.182 
6.355 
5.485 
4.594 
3 627 
2.577 

10 

Computed Conditions 

A) Condensing length - 5.0 ft, 

B) 

C) 

D) 

E) 

F) 

Total steam condensed = 37.4 lbm/hr (probe in) 

Average heat transfer rate = 2.25 BTU/ft sec, 

Average heat gained by cooling water = 676 BTU/min. 

Average heat lost by condensing vapor = 673 B T U / h .  

Heat balance error - 0.4% 

4302 l b d h r  (probe oat! 



TABLE H-7 

U C O ~  Test 8-28-52 

Tube 
Length 

0 
0.25 
0050 
0075 
1,oo 
1.50 
2.00 
2,50 
3.00 
3.50 
4000 
4. 50 
5.00 
5.50 
6.00 
6.50 
7.00 
7.25 
7. 50 

8.00 
8.50 

7.75 

9000 
9. 50 
10 0 00 
10.50 
11.00 

Experimental Data 

P 

87.0 
85,O 
82.0 
78,5 
75.0 
68,O 
6105 

5000 

36.5 
32,8 
29.6 
26,7 
23,8 
2105 
200 5 
19a5 
18,6 
18.0 
16,s 
15.7 
15.0 
14. 2 
1308 

550 5 

45.0 
400 5 

130 5 
13.5 

990 5 
99.0 
96,O 
92,O 
88,O 
81.5 
740 5 
6900 
6b0 0 
60.0 
56.8 
5306 
50.7 
48.5 
46,3 
44.0 
41.5 
4004 
39,O 

35.0 

26,4 
22,5 
19,o 
16,4 

3700 

300 5 

1407 
13.5 

294.8 

293 0 

2950 5 

255.6 
242 6 

225 8 
218.3 
210.2 
205 ., 6 
201 0 0 
196.0 

237.0 

194.0 

192 0 
1900 4 
189.3 5 
1840 0 
188,l 
187 6 
186.9 
186.7 

53.5 
61,4 
67.9 
’7305 
7903 
9000 
99.3 
108 , 0 
1 1 5  e 5 
122 , 6 
128,5 
133.5 
138,2 
l42*2 
146 0 
149 2 

153 9 

156,8 
158.1 
160.2 
162 0 
163 8 
165,3 
166.8 
168.1 
169 e 5 

152.3 

15502 

Data From ,%.earn Table 

Hvo 

1187 e 43 
1196 , 85 
1197 42 
1195 88 
1195,01 
1194.82 
1193 65 
1193 72 
1194 10 

1196 53 
1199 0 13 
D O 1  0 12 
1203 76 
1206.39 
1209 37 
1210,91 
1211,71 
1211,90 
1210.25 
12.07’ o 54 
1200 0 11 
1192 ., 08 
1181 , 82 
117L 72 
1162 06 
1156 21 
1348 . 8 

1195 3 5 

Test Conditions 

A) Paral le l  f l o w  

B)  Condenser tube 1,D. = 0.190 in, 

C) Cooling water ra te  = 159 lbm/min. 

1176 53 
1184 20 
1183 50 
1182 ., 70 
1181 90 
1180,OO 
1178,05 
li76 , 10 
1174 10 
1172 0 00 
1169 95 
1167 90 
1165 88 
1163 82 
1161.79 
1159064 
115’7.65 
1156,’?5 
1155,80 
1154086 
1154,20 
1152 . 88 
1151. 64 
i150,80 
1149 76 
1149 ., 22 
1148 8C 
1146. 8 

HL 

288 , 08 
286 e 39 
283 79 
280.66 

2700 60 
263.75 
256.90 
250090 
243.36 
236 79 
230 ,, 48 
224.05 
218 03 
212 . 07 
205.67 
200 06 
197 . 48 
192 28 
190.56 
186 . 93 
183.43 
181 , 11 
17’8.31 
176 84 
175 e 86 
145.86 

27’7 o 43 

194 79 
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TABm H-7 (con%, f 

Tube 
&n&k QR 

103 

0 0 
0.25 7052 
0050 13,38 
0.75 19.10 
1.00 24.65 
1.50 34.85 
2.00 43075 
2,50 52.10 
3000 59,20 

4.00 71.,60 
4.50 76.40 
5e00 80090 
5.50 84.70 
6.00 88.30 
6.50 91.40 

3.50 660W 

7000 94040 
7.25 95090 
7.50 97.10 
7*75 98.80 
8.00 99080 
8,50 101,OO 
9,00 103.70 
9.50 105040 
.O.OO l06,80 
.0,50 108.20 

-1.50 110,80 

792 1.067 
811 1,469 

1579 2,593 
1632 2,593 
1660 2,589 
1685 2,582 
1674 2,583 
1642 2.589 

Computed Data 

Computet? Conditions 

A) 
B) 
C) 
D) 
E )  
F )  

Condensing iength = 11,5 ft, 
Total steam condensed = 94.2 lbm/hr (probe in) 
Average heat transfer rate = 2080 f k  1bf/€t see. 

Average heat gained by cosl ing water = i84G BTU/&E 

Average heat 1055 by ecndensing vapor = 1840 BTV.hdxr 

Heat balance error = O,C$ 

X e 3 2  lbm/nr (probe out> 

s9 



TABLE H-8 

UConn Test 8-29-52 

Tube 
en& h 

0 
0.5 
1.0 
l e 5  
2.0 

- 

205 
3.0 
3.5 
4.0 
4.5 
5.0 
5.5 
6.0 
6,5 

7.5 
8.0 
8.5 
900 
90 5 

10,o 
10.5 
11.0 

700 

Experimental Data 

P 

9903 
9300 
8500 
76.6 
69.0 
62.0 
55.5 
49.5 
44.0 
39.2 
34.8 

26,9 
24.0 
21.4 
18.8 

3004 

16,3 
U.6 
13.7 
13.2 
13.0 
1206 
12,l 

111 8 
108 3 
100a5 
92,8 
86.0 
8 0 , O  
73.5 
68,5 
63.3 
61.4 
58.4 
5300 

50.0 
4900 
4708 
47.0 
46.3 
4 6 ~  
46.0 
46.0 
4505 
30.0 

5L5  

?I 
T 

336.0 
319 1 
311; 6 
305 c 7 
299 c 3 
293 o 5 
287 3 
280.7 

267.5 
260.3 
252,8 
246.2 
240,2 
233 0 8 
222 a 3 
220 e 7 
214,2 
210.3 
207 e 5 
207.1 
204.2 
199.8 

273 o 7 

57,6 

66,8 
59 7 8  

7103 
74.6 
79.5 
83.6 
88.3 
99.7 

105.8 
111 4 
119 e 4 
13003 
134.2 
138.3 
3.48.2 
150.8 

160.0 
162 e 2 
166 a 2 
166,7 
166,” 

157 o 5 

Data From Steam Table 

Hvo 

1189 81 
1199 c) 03 
11% 53 
1198,15 
1198,39 
1199 ., 20 
1199 98 
1196 17 
1198 12 
1206 12 
1209.40 
1209 76 
1215 ., 22 
1220,16 
1226 09 
1242.42 
1240 65 
1247 e 51 
12 51 36 
1253.85 

1256.18 
1219.90 

1254.93 

Test Conditions 

A)  Parallel  flow 

1180 78 
1185 90 
1184 20 
1182 e 28 
1180.30 
1178,20 
1176 e i o  
1171,60 
1173 o 90 

1169 e 30 
1166 98 
lS64,34 
1161 93 
1159.80 
1157 56 
1155,08 

1150.29 
1149.08 
1148 38 
1148 10 
1147 15 
1W. 95 

1152 0 33 

HL 

297 87 
292 . 98 
286,39 

271,61 
264,30 
256.90 

27% o 93 

249 e 44 
241095 
235.72 
226 53 

210,83 

199 81 
192 85 
185046 

71 
180 06 
1740 65 

1’70.34 

2190 97 

206 e 14 

173 0 91 
192 o 33 

B) 

C )  

Condenser tube I.D. = 0,190 in .  

Cooling water rate = 18,2 Ibm/mh, 



TABLE ~ - 8  (cont. 1 

- 
Tube 
endl  

0 
0.5 
1.0 
1.5 
200 
205 
3.0 
3.5 

4.5 
5.0 
5 0-5 
6.0 
6.5 

705 
8.0 
8,5 

40 0 

700 

900 
90 5 

1o.d 
10.5 
11.0 

QR 

Id 
0 

10,38 
2l050 
31.65 
4L50 
50,20 
58 e 40 
66 10 
73.10 
79 60 
85 . 20 
w. 50 
92.50 
96 10 

100.20 
103 00 
105 80 
108.00 
109 . 20 
lll.10 
112 0 20 
113 e 30 
1 4 0  50 

673 
810 
846 
891 
924 

1022 
1091 
1055 
1150 
1348 
U52 
1503 
1662 
1703 
1825 
1945 
2095 
2270 
2450 
2590 
2850 
2640 
2070 

vL 

0 
1,212 
1 892 
2.302 
2 e 608 
2 E 632 
2 732 
2.977 

2,825 
2.834 
2 . 889 
2 . 894 
2 928 

2 947 

2 0 9 n  
2,929 
2.957 
2 o 947 
2.934 

2 927 

3 157 
2 e 977 

Comuted Data 

% 

101 00 
89 I 36 
78,16 
68 19 
58.74 
50,50 
43c06 
36,45 
30045 
24.85 
20,69 
17.76 
16 32 
Uc02 
1L36 
10 0 10 
8.89 
8.U. 
6.37 

wL 

0 
i 2  49 
24055 
35.37 
45 68 
54075 
63.06 
70.54 
77.38 
83 . 84 
88.86 
92 64 
94.94 
98.09 

101 61 
103 73 
105 e 79 
IO7 o 43 
110 e 02 

11126 
ll2.01 
112 61 

V 
A 

lo-& 

1 960 
1,455 
1,326 
1.212 
1,lI.l 
0.955 
0,847 
0.825 
0,706 
0.548 
0.474 
0,446 

0.390 
0,326 

OoW5 

0.307 
0.297 
0,268 
0.203 

Computed Conditions 

8 

0 
334 

1;704 

2 a 364 
2 e 884 
3,269 
3,351 
3 811 
4.488 
4.839 
4.979 
5-13? 
5.272 
5 634 
5 0 749 
S a 8 1 0  
5 0 993 
6,450 

2 * 047 

*t. 

10-3 

3 I 822 
4,170 
4.985 
3n975 
3 179 
2.750 
2 904 
2.627 

1,796 
1: 853 
1 <5;32 
l.147 
0.885 

2,167 

0,717 
0,534 

0,390 
0,469 

i: 
IO- 3 

3 987 
4.243 
41837 
3 o 975 
3 249 
2 901 

2 . 661 
2,051 
1,768 
1.697 
LW3 
10433 
1 E 140 
0 0 927 
00710 
0.479 

3 0 113 

0.317 

ev Et 

105 

2,423 
2 0 2qc 
1,996 
1,880 
1,762 

1.400 

1 199 
1,087 
0,975 

0.845 
0,755 
00701 
0.647 
0.618 

1.614 

1,279 

00 940 

0.554 

Re: 
105 

2,819 
2 i 731 
2,423 
2 e 505 
2 0 534 
2 . 466 
2 0 170 
2.U.l 
2 . 278 
2 . 221 
20054 
2.050 
1 910 
1.859 
1.778 
1.700 
1.680 
1,709 

A) 
B) 
C) 
D )  
E)  
F) 

Condensing length - 11.0 ft ,  
Total steam condensed = 121 lbm/hr (probe out) 
Average heat, transfer rate = 2250 it lbm/ft 8eco 
Average heat gained by cooling water = 1985 BTU/&. 
Average heat l o s t  by condensing vapor = 1888 BTU/min. 
Heat bcelanue error = 4 9$ 

101 1 b q h  (probe 
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APPENDIX I 

Correlation of Fr ic t ion Factors 

An accurate solution of t he  system of non-linear d i f f e ren t i a l  equations 

of change developed during t h i s  research prograa requires input data of con- 

siderable precision. In  par t icular ,  it i s  necessary t o  introduce t h e  values 

of e i ther  the  loca l  i n t e r f ac i a l  vapor f r i c t ion  factor  ( fv)  or  the super f ic ia l  

w a l l  f r i c t i o n  factor  (f, ) within several  percent of the t rue  value. Because 

of the nature of the physical system, a small  deviation i n  the input; f r i c t i o n  

data seems t o  have a snowballing e f fec t  on t h e  subsequent var ia t ion in stream 

pressure and vapor velocity. 

ally t o  demonstrate the  very marked ef fec t  which a small var ia t ion i n  e i the r  

f r i c t ion  factor  has on the analyt ical  solution of the system of equations. 

Note t h a t  t h e  vapor f r i c t i o n  factor  must be used wi th  the  vapor mmentun 

equation in t h e  numerical solution of t he  system of equations. 

wall f r i c t ion  factor  must be used i n  t h e  combined momentum equation i n  the 

numerical solution of t h e  system of equations. 

i n  the numerical solution', but not both at t h e  same t i m e .  

21 have been plotted t o  demonstrate t h a t  an analyt ical  solution of the system 

of equations will agree almost ident ica l ly  wi th  t he  experimental data i f  the  

input f r i c t ion  factor  data corresponds closely with experimentally determined 

f r i c t ion  factor. For the solution plotted i n  Figs. 19, 20, and 21, the input 

f r i c t i o n  factor was careful ly  chosen so as to cause the vqoz. velscftg ts = s e e  - 
w i t h  the  experimental data. It i s  gratifying t o  note t h a t  t h i s  a rb i t r a ry  input 

f r i c t i o n  factor agrees almost precisely with t h e  f r i c t i o n  fac tor  computed from 

the  experimental data. 

I 

Figs. 15 through 18 have been computed specific- 

The super f ic ia l  

Both equations have been used 

Figs. 19, 20, and 

In addition, the other flow properties such as strem 
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pressure and l i q u i d  veloci.t;Jr (Figs. 19 and 20) a lso  show g o d  agreemerh between 

the experimental and analytical  values. 

l y t i c a l  and experimental data demonstrated in Figs. 19, 20, axd 21, slso 

Fige. 22, 23, and 24, demonstrates the general val id i ty  of the mathemtical. 

model used in the development of the system of equations of this paper. This 

is not t o  imply t h a t  a more precise &el and accomp&@.ng analysis czii~ot be 

found. 

standing of the  t r u e  physical nodel and t o  develop an analytical treatment of 

such a model. 

The agreement obtained bstween ana- 

Indeed, work i s  being done a t  the  present time t o  improve our under- 

Considerable e f for t  has been expended i n  attempts t o  ? h i  satisfactory 

empirical correlations of the two  loca l  f r i c t ion  factors  ii~ terms ob: t h e  elrperi- 

nentally determined flow properties. 

t i on  of e i ther  f r i c t ion  factor has been found. 

this important problem involves the  division of the respective friction f sc tors  

i n to  t h e i r  composlent parte. Examination of the  form of the  vapor mmentum 

follows thus 

No really sat isfactory erspirical corrda- 

The mst prodsing attack on 

+ - + -  dvv gC :] 1LH 4 vv - V i )  dw, 
fv = ( s p ,  v v ) [ c  w V dL P J V  

-1 w 

It is observed t h a t  the  derivative (&lV /dL) is p r imar ib  a function of the  

local radial heat t ransfer  r a t e  

part ,  controlled by external factors such as temperature of the  c ~ ~ g  f l u i d  

and external heat transfer resistances, it is s e e n t h a t  the derivative 

(dwy /dL) remains essent ia l ly  an ar5i t rary function which is independent of the 

h t e r n a l  loca l  flow properties. 

hope t o  accurately predict t he  vapr f r ic t ion factor (fv) unless it includes 

Hoa Since t he  heat transfer rate is, in large 

For t h i s  reason, no empirical correlation can 
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these external factors  i n  the correlation, 

the present analysis t o  an a t tack  on the in t e rna l  f l o w  mechanics of t he  con- 

dense? tube, It was decided t o  s p l i t  t h e  vapor f r i c t i o n  fac tor  into component 

parts as fOUQWt3:  

Since it was t he  intent t o  confine 

where the three subscripts relate t o  t h e  three derivatives of Equation UH , 

Taking the sum of t h e  second two terms, we have then a reduced form 

gc E] ww ) [ N V  '.sa = -$  ( 7rpvVv - + -  dL pvvv dL 

B 1 
2I 

This f ract ion of t he  in t e r f ac i a l  vapor f r i c t i o n  fac tor  has been plottod in 

Figs. 32, 33, and 34. These figurea indicate t h a t  there  is more promise of 

correlating t h i s  f rac t ion  of the  vapor f r i c t i o n  f ac to r  as a function of the 

in t e rna l  flaw mechanics of t h e  two-phase system. 

A similar treatment of t h e  super f ic ia l  wall f r i c t i o n  fac tor  leads t o  the 

reduced form 

Values of this term have been plot ted in Figs, 35, 36, and 37. Here 

again, there appear8 t o  be more promise of correlat ing the  above f r sc t ion  of 

the wan f r i c t i o n  factor. 

It should be noted tha t  four fundamental different ia l  equations are  rs- 

quired in order t o  find a numerical solution which will determine local value8 

of the four  normalized fundamental flow properties Q , 13 , 8, and #. If a 



satisfactory correlation of the  partial vapor friction factor (fvBld) a8 a 

function of t h e  local f low properties is  available, the d i f f e ren t i a l  Equa- 

t ion  2X may serve as one of the  required d i f f e ren t i a l  equations, replacing 

the vapor momntum equation in the  programmed s y s t e m  of equations. 

Work has been done by a number of investigators (l), (9), (IT), (24) on 

the p b l e s o  OP flow f r i c t i o n  and pressure loee in two-phaase flow. Most of the  

experimental data reported is  f o r  two-phase, two-compnent mixtures of air and 

water OP other fluids. 

with no interphase -8 tranefer. 

liquid and vapor Reynolds numbers based on mass flow pates using the t o t a l  tube 

cross section f o r  both the liquid and the  vapor rate calculated. independently, 

M a s s  f l ow rates calculated in t h i s  fashion are obsouely f i c t i t i o u s ,  con- 

sequently Reynolds numbers calculated o n t h i e  basis are commonly referred to as 

fictitious o r  superficial. 

UsuaUythe two-companent data i s  f o r  ediabatic flow 

Correht ian  parameters commonly used are 

As indicated previowly, attempts were made t o  correlate  the f r i c t i o n  data 

accumulslted f o r  twu-phaes condensing f low by these conventional mtbodu, 

results obtained were essentia3ly negative and it uas not considered worthwhile 

to preeent them in this report. 

between the adiabatic two-phase, two-component system and the  single component 

condendmg system w i l l  be noted: 

The 

Hcvrsver, so1cb of the important differences 

1. 

role  in the  vapor momentum equation and enters  into t he  determinstion of 

the  i n t e r f a c i a l  fr ic t ion  factor. 

adiabatic, tuo-phase, tm-component flow. 

2. 

rise and fa l l  at iome point over the  ccndensing length. 

The mmntum change of the  condensing vapor f rac t ion  plays a a i p i f i c a n t  

Obviously t h i s  factor is not present in 

I n  condensing flow, the vapor velocity and stat ic  pressure may bcth 

The lacel 
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derivatives o f  these flow properties m y  therefore, be both posit ive arid 

negative a t  different axial locations. 

variation of the  local vapor f r i c t ion  factor may occur over the length 

of a single conclensex tube. For t h i a  reason, t h e  use of average flow 

properties and t h e  overall pressure drop in calculatine an overall or 

average f r ic t ion  factor in condensing two-phase flow leads t o  inconclusive 

resu l t s  by my slethod of correlation. 

3. i n  condensing two-phase flow, it has been observed that under cer tain 

conditions it, is possible t o  have a l o c a l  upstream or  reverse flow of the 

l iquid at the tube wall. 

deceleration resul ts  jn a local pressure r i s e  or momentum regain i n  the 

axial f low diaectioii. Sinceno significant pressure g radba t  exists i n  

the rsdial direction, there must be a corresponding pressure rise in the  

liquid layep et the sanie axial location. 

celeration necessary t o  support the sme pressure rise as occurs i n  the  

vapor cone rssdts i n  a reverse flow i n  t h e  liquid layer close Lo t h e  tuhe 

wall. 

carried forrrasd by the interfacial liquid waves a d  any efltrehsd I i q d d  

fraction in t h e  vapor dominates t h e  tatal l iquid flow. 

l i q u i d  Blow at  the tube WSU results in a reverse w a l l  shear stress ar,d a 

correspondfng negative wall f r ic t ion  factor a t  that location, 

condition is never encountered in adiabatic two-phase, tm-componeni: flow. 

It is obviotta tha t  the  empirical correlation of negative loca l  W a l l  f r i c t ion  

factors would be 8 d i f f i cu l t  feat by any method of correlation. 

possibility of negative waU friction factors in two-phase condensing flow 

is the mcst h p o r t m t  Teason for choosing t h e  vapor momentum equation as 

76 

It is  obvious t h a t  considerable 

This condition nkll exist when t h e  vapor i s  

e 

Tho r a t e  of l iquid velocity de- 

The net or average liquid velocity remains positive since the liquid 

A local reverse 

Such a 

The 



the preferable fourth equation in the analytical solution of the system 

of differential equations developed in this paper. 

tions obtained by the methods developed i n  t h i s  paper require quite 

precise input infornation on local fpiction factors. 

satisfactory correlation of either interfacial or wall friction factors 

for two-phase condensing flou certainly i s  the chief hurdle to be over- 

come in achieving satisfactorily accurate analytical solutions to the f l o w  

characteristics of the condensing two-phase f l u i d  system. 

The analytical solu- 

The problen of 
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Empirical Correlation of Local Heat Transfer Surface Coefficients In M-Phase 

Condensing Hi& VePocit,v Flow 

Dependhg on the external resistance t o  heat t r ans fe r  from the  condenser 

tube, ttie irsternal or condensing layer  resistance plays a lesser or greater ro le  

i n  determining the  flow character is t ics  in the tube during condensation. 

the case of low extarnal ree is tmco to 'heat  transfer, it 1.8 necessary t o  de- 

For 

termine t h e  in te rna l  l oca l  surface coefficient accuretely, 

Very l i t t l e  exprimental data on loce l  heat t ransfer  coefficients f o r  hi@ 

velocity condensing flow have bsen fouud in t he  literature. 

getors have proposed method6 fo r  correlat ing surface heat, t ransfer  coefficient8 

in two-phase high velocity condenalng flow. 

Several invest i -  

Powell, (17) proposed a method t o  predict  average coeff ic ients  of heat 

transfer i n  low-speed, two-phase flow with condensation on t h e  basis of a 

weighting or  equivalent flow procedure. 

Carpenter, (1) suggested a method whereby the Nueselt number i s  given as 

a function of the  l iqu id  Prandtl number and the  so-called "f r ic t ion  Reynolds 

number." 

velocity tests conducted at  the  University of Connecticut, predicted surface 

coof f ic ients  aboct 70 per cent lower than t h e  experimentally de temined values. 

A paper by S, S. Kutateladze, (16) suggests t h e  followhng empirical corre- 

Carpenter's correlation, when applied t o  t h e  conditions of high 

l a t i o n  f o r  the local. neat t ransfer  surface coeff ic ients  cf cc,sdcnsing vapsr: 
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*ere the 

h 

D 

C 

nomenclature is 88 follow$: 

local surface coefficient of heat transfer 

tube diameter 

constant 

thermal conductivity of the Uquid 

kineaatfc viscosity of the l i q u i d  

thermal dffrUeivity of the liquid 

seeslera6iun duo t o  gravity 

wight density of vapor 

weight d8n8ity of liquid 

specific heat capacity of the  llquid 

latent hmt of vaporization of the fluid 

difference b8twOOn the phase t0Epmt- and i t 8  

vapor friction factor 

average vapor velocity 

equilibrium temperature 

the awthoda of the sereral referenee6 given above -re applied t o  the 

conditions for which test  data on condensing ateam were recorded at the  Uni- 

versity Of C m e c t i C U t ,  no 8 U C C 8 % S f d .  C O l T 0 l 8 t i ~  Could bc Obtahd. con- 

sequently, it was necessargto make a f e a h  attack on the problem by the  well- 

knoun methods of d i n m i m i d  analysis. Variotls dimensionless groupings involv- 

lng the  N u s s e l t  number and the so-called 

tr ied with little BUCCQLPS. 

@j8 factor or Colburn number ume 

It wa8 theorized t h a t  the local heat transfer coefficient could be effected 

by t he  following fundamental local variables: he, At, p v, v v, 8 s D, p L+ VL, 

and pv. Where At i8 the difference betwsan the local. Steam saturation 
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temperature mu %he inrsd.de tab@ wall tmperatu-e. 

been defined in the  rJomenclra'ture, 

The other variables have 

It i s  sea+n that d J , k i  the &mve choice of variables, ths  combhation hAt 

a m w s  necsssari l~ Lu satis,"y non-dimaasionality. It appears, therefore, that 

what is reallgr being comebate0 i s  the heat transfer rate per unit area as 

expressed by (hA*u) rather tfim the surface coefficient itself. This I s  a 

common occ'~wrence in Soiling and condensing heat transfer. 

Grouping the above variablss Jn B aon-dimensionel mannor led t o  the follow- 

ing akrmgement t h a t  appears to give a useful correlation of the experimental 

data recorded at the University 02 Connecticut io2 condensing steam vapor. 

Equation, 23 m y  be written i n  the functional. form 

3J 

Fig, &2 shows the experhent,al data for condensing steam vapor plotted 

using t h o  left- a d  right-hand sides of Equation 35 aa ordinate and abscissa 

respectively on log-log paper, If the correlation is m i t t e n  i n  the functlonal 

f QX?m 

4J 

we f ind that 
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Swprisin@y t h i s  corrsla%ion indicates that the tube  dianeter and vapor 

velocit ies  play a stronger role in determining the rate of heat transfer than 

does the man thickness ( 8 )  of the m~3.ilar liquid layer. 

Obviously t h i s  correlation applies specifically t o  steam vapor and may be 

The necessary data on the local  flow charac- unsatisfactory f o r  other vapors. 

t er i s t i c s  of other vapors evidently i s  not available at t h e  present t h e .  

The details of the method of determining the exponents of the correlation, 

Equa5ioa 

ponent values iron: the available volume of experimental data, the fol lowing 

equation set was established. 

25 , W i l l  be described briefly. In order t o  derive the desired ex- 

a b C 

65 

a b C 

Where n = z 4 1 since there are z &own exponents and also one unknown 

constant. Eliminating the  constant C from the n equations by dividing the 

first equation by the second, the first by the th ird ,  and so on leads to t h e  

following set of z equations. 

a b C z 
75 
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T U  the natural  logarithm of both s ides  of all equations results i n  the 

following equation set: 

L 

85 

I n  this system of equations, X quant i t ies  represent the  experimental data, 

We have then a s e t  of simple l i nea r  algebraic equations with unknowns a, b, c, 

d, ----- z and with coefficients determined from experimental data. 

d i g i t a l  computer program available at t h e  University of Connecticut Computes 

Center, in conjunction with a sub program written t o  evaluate the  nstural 

logarithms, it was possible t o  solve for t h e  desired exponents on an I.B,M. 

1620 computer. 

Using a 

As indicated previously, the r e su l t s  of t h i s  work are  shown in Fig, 42, 

I n  addition, Figs. 43 ana 44 have been plot ted t o  show t he  wide var ia t ion i n  

loca l  surface coefficients which are encountered i n  high velocity condensation 

of steam vapor. Since the data plotted i n  Figs. 43 and W, were the source in- 

formation used i n  obtaining the correlation presented i n  t h i s  Appendix, it i s  

not surprising that values of the  loca l  surface coefficient calculated by u8e 

of the  empirical Equation 25 give close agreement with t h e  experimental data. 

It should be noted tha t  t h e  necessary data t o  obtain a sa t i s fac tory  cos- 

relation for the loca l  surface coefficient for  condensing steam includes: I) 

t h e  local mean thickness of the  l iqu id  layer  ( 8 ), 2) the  loca l  mean l iqu id  

layer velocity (VL), 3) the loca l  vapor velocity (V,), and 4)  the loca l  

82 



surface t o  vapor temperstwe difr'er&e (At), plus t h e  l oca l  physical  proper- 

ties of' t h e  l i q u i d  and vapor, 

fbow proper t ies  is difr"icslt  t o  obtain. 

authar have maie t h e  mcessafy experimental measurements t o  p s r d t  d e t e r d n a -  

icim cf these l o c a l  flow properties. iiowuer, such aa$a w i l l  be necassary i n  

order t o  successfifi3.y corralate l o c a l  heat transfer surface coefficients for 

other condensing vapors in high velocity two-phase f l o w ,  

Experimental data on t h e  value of theas loca l  

No o t h e r  inves t iga tors  known to the 
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TABU I1 

Dimensionless Constant Coefficients f o r  t he  Equation Se t  

u = PVe/PL 
7 

= /  

Dimensionless Variable Coefficients f o r  t h e  Equation Set  

A dimensionless heat  t r ans fe r  number where f o r  example i n  test Ucom SlL57. 
f t  lbf 

= (2030 - 1.37X) (- see 1 
HO 

Near the  tube mouth fromnAppendix FOof the  "Fi rs t  Int7rim Progress Report". 92 - j - -  11.2 
'vs 3 PVe Pve ; i 4  i 

= 0.332 /-- : K ,i-- 1 
I L XJ *v /pe 2 rL/pe  

L g c D  P,2 J 

For the  developing l i qu id  boundary layer  near the  tube mouth then 

and JI is a constant f o r  a pa r t i cu la r  test i n  t h e  region up t o  approxmt,e:y 

Re = 500,OGG 
vx 

l / k - l  
k (1 + k-l M2) s z -  2 
f k-7 ? k/ic-l 7 
'1 + A M )  - 1  L '. 2 J 
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FIG 33 
LOCAL. INTERFAClAL. VAPOR FRICTION FACTOR AND COMPONENTS Y3  
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FIG 42 AN EMPIRICAL CORRELKI'ION OF THE LOCAL SURFACE 

COEFFICIENT OF HEAT TRANSFER IN HIOH SPEE0,TWO- 

PHASE FLOW OF A COIJMWN6 PURE VAPOR-STEAM 
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FIG 44  

HEAT TRAHFER COEFFICIENT VS T€ST SECTION LfN6THI 
FOR UCONN TEST 71052 

CONDENSIN43 IN A 0.SW 1.0. 
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